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Abstract

Biocatalysis is an emergent research area for the development of efficient and
sustainable synthesis processes. A crucial milestone for the better applicability of
biocatalysts thereby consists of the increasing knowledge of the adaptability of enzymes
for distinct synthetic needs like the conversion of specific molecular structures with
defined selectivity. In addition, it is equally important to demonstrate that such novel
catalysts are combinable among themselves and with established non-enzymatic
catalysts to enable unexplored synthetic routes. Using the example of the
chemoenzymatic synthesis of (-)-menthol from citral, this work therefore addresses the
development and applicability of such evolved enzyme catalysts for the synthesis of an

industrially relevant molecule.

In this complementary synthetic route inspired from an existing industrial process, a
mixture of citral isomers is reduced to citronellal using an R-selective ene reductase. In
a subsequent Prins reaction, the selective cyclization of R-citronellal to (-)-isopulegol is
achieved by the application of an engineered squalene-hopene cyclase variant. The final

reduction to (-)-menthol proceeds by hydrogenation on a palladium catalyst.

Especially the first catalytic step enables an immediate synthetic advantage in
comparison to the currently performed industrial process. So far, no catalyst is applied
converting both isomers of citral R-selectively at the same time. Both isomers have to
be separated under high energy expenditure by distillation prior to reduction. No
enzymatic catalyst is described displaying this reactivity yet. As, however, the opposite
enantioconvergent S-selective citral reduction by ene reductases is known, the
development of an enzyme catalyst constituted an attractive solution for this limitation.
Hence, a focus of the work laid on the inversion of the S-selectivity of the citral

reduction by NCR ene reductase from Zymomonas mobilis by enzyme engineering.

The studies started by characterization of the citral reduction by NCR wild-type. Next to
the determination of the course of the reaction over time, semi-empiric quantum
mechanics calculations on the oxidative half reaction of this conversion were carried
out. The calculations suggest a so far undescribed catalytic role of an arginine at
position 224 for a facilitated hydride transfer and a more complex proton shift involving

water molecules in the reaction.
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The subsequently performed engineering comprised the identification of selectivity
determining amino acid positions W66, Y177, 1231 and F269 in the active site of the
enzyme followed by their variation in an iterative combinatorial fashion. In order to
enable the analysis of the multitude of generated enzyme variants, a whole cell
screening was developed using chiral gas chromatography. Thereby, the triple variant
WG66A/I231R/F269V was created converting E/Z-citral in the whole system to
R-citronellal with an enantiomeric excess of 89 %. It could be determined that a
cell-induced citral isomerization leads to increased enantioselectivity in comparison to

using purified enzyme.

Especially for the influence of the selectivity-determining positions W66 and 1231 an
increased understanding of structure-function relations was achieved during the course
of semi-rational enzyme evolution by the separated analysis of single citral isomers and

by supportive in silico analyses like docking and molecular dynamics simulations.

The subsequent integration of the established variant A419G/Y420C/G600A of the
squalene-hopene cyclase from Alicyclobacillus acidocaldarius is remarkable catalyzing
the Prins cyclization to (-)-isopulegol with an enantiomeric excess of 99 % and a
diastereoselectivity of 90 %. In this context, the enzyme’s underlying Brgnsted acid
chemistry could be evolved towards the in nature unknown Prins reaction reactivity. In
this work it could be shown that enzyme catalysts acquired by such chemical inspection
can be implemented in application-oriented synthetic routes. In combination with the
developed selective ene reductase, the bienzymatic cascade to (-)-isopulegol was
successfully performed and characterized. For the final reduction to (-)-menthol an
established heterogeneous catalyst like palladium on charcoal could be applied under
hydrogen atmosphere. This demonstrates nicely that novel biocatalysts can be combined
with approved synthetic processes. With the attained insights, highly valuable
(-)-menthol was made accessible for the first time by a chemoenzymatic cascade using
an isomeric mixture of citral on preparative scale with 7 % isolated yield. This work not
only highlights different strategies for the development of novel biocatalysts, but also
contributes to their possible synthetic applicability in the synthesis of industrially

relevant molecules.
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Zusammenfassung

Die Biokatalyse ist ein aufstrebendes Forschungsgebiet fir die Entwicklung von
effizienten und nachhaltigen Syntheseprozessen. Ein entscheidender Meilenstein fr die
breitere Anwendung von Biokatalysatoren besteht dabei im zunehmenden Verstandnis
der Anpassung von Enzymen an bestimmte synthetische Vorgaben wie z. B. die
Umsetzung bestimmter Molekilstrukturen in einer definierten Selektivitat. Daneben ist
es ebenso entscheidend zu zeigen, dass solche neuartigen Katalysatoren untereinander
und mit etablierten nicht-enzymatischen Katalysatoren kombiniert werden kénnen, um
unerforschte Syntheserouten zu ermdoglichen. Am Beispiel der chemoenzymatischen
Darstellung des (-)-Menthols aus Citral beschaftigt sich diese Arbeit daher mit der
Entwicklung und Anwendbarkeit von solch evolvierten Enzymkatalysatoren fir die

Synthese eines industriell relevanten Molekuls.

In dieser an einen existierenden industriellen Prozess angelehnten komplementéren
Syntheseroute wird unter Verwendung einer evolvierten R-selektiven En-Reduktase
zunachst ein Citral-lIsomerengemisch zu Citronellal reduziert. In einer anschlie}enden
Prins-Reaktion wird die selektive Zyklisierung des R-Citronellals zu (-)-Isopulegol
durch Anwendung einer hierflir entwickelten Squalen-Hopen Zyklase erreicht. Die
abschlieBende Reduktion zum (-)-Menthol erfolgt durch Hydrierung an einem

Palladiumkatalysator.

Insbesondere im ersten Katalytischen Schritt er6ffnet sich ein unmittelbarer
synthetischer Vorteil im Vergleich zum heute industriell durchgefiihrten Prozess. Da
bisher kein Katalysator verwendet wird, welcher beide Isomere des Citrals zugleich
R-selektiv umsetzt, werden die Isomere vor Beginn der Reduktion unter hohem
Energieaufwand destillativ getrennt. Bisher ist kein enzymatischer Katalysator
beschrieben, welcher diese Reaktivitdt aufweist. Da allerdings die umgekehrte
enantiokonvergente S-selektive Citral-Reduktion fur En-Reduktasen bekannt ist, stellte
die Entwicklung eines Enzymkatalysators eine attraktive Losung zur Beseitigung dieser
Limitation dar. So lag ein Schwerpunkt der Arbeit in der Umkehrung der S-Selektivitat
der Citral-Reduktion durch die NCR En-Reduktase aus Zymomonas mobilis durch

Enzym-Engineering.
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Zunéchst wurde hierfir die Reduktion des Citrals durch den NCR Wild-Typ
charakterisiert. Neben der Bestimmung des zeitlichen Verlaufs der Reaktion wurden
auch semiempirische quantenmechanische Berechnungen zur oxidativen Halbreaktion
dieser Umsetzung durchgefiihrt. Die Berechnungen legen eine bisher nicht beschriebene
katalytische Rolle eines Arginins an Position 224 fur einen erleichterten Hydrid-
Transfer sowie eine komplexere Protonen-Ubertragung unter Einbeziehung von Wasser-

Molekiilen in der Reaktion nahe.

Das anschliefend durchgefiihrte Engineering umfasste zu Beginn die Identifizierung der
Selektivitats-bestimmenden Aminosaurepositionen W66, Y177, 1231 und F269 in der
aktiven Tasche des Enzyms, die anschlielend in iterativer Weise kombinatorisch
variiert worden sind. Um die Analyse der Vielzahl an generierten Enzym-Varianten zu
ermoglichen, wurde ein Ganzzell-Screening in Kombination mit
gaschromatographischer Enantiomerentrennung entwickelt. Dabei konnte die NCR
Dreifachvariante W66A/I231R/F269V generiert werden, die im Ganzzell-System
E/Z-Citral mit einem Enantiomerentberschuss von 89 % zu R-Citronellal umsetzt. Es
konnte festgestellt werden, dass eine Zell-induzierte Citral-Isomerisierung zu einer
erhdhten Enantioselektivitdat im Vergleich zur Verwendung von gereinigten Enzymen
fuhrt.

Insbesondere fiir den Einfluss der Selektivitats-bestimmenden Positionen W66 und 1231
konnte ein Verstandnis der Struktur-Funktions-Beziehungen im Verlauf der
semi-rationalen Enzym-Evolution durch die getrennte Analyse der einzelnen Citral-
Isomere und durch unterstitzende insilico Analysen wie Docking- und

Molekulardynamik-Simulationen gewonnen werden.

Bemerkenswert ist auch die anschlieBende Einbindung der literaturbekannten Variante
A419G/Y420C/G600A  der  Squalen-Hopen  Zyklase aus  Alicyclobacillus
acidocaldarius, welche die Prins-Zyklisierung zum (-)-Isopulegol mit einem
Enantiomereniuberschuss von 99 % und einer Diasteroselektivitdt von 90 % katalysiert.
Hierbei konnte die dem Enzym zugrundeliegende Brgnstedsaure-Chemie fur die in der
Natur unbekannte Reaktivitat der Prins-Reaktion evolviert werden. In dieser Arbeit
konnte gezeigt werden, dass solche durch chemische Betrachtungsweise gewonnenen
Enzym-Katalysatoren in anwendungsorientierte Syntheserouten implementiert werden
konnen. In Kombination mit der entwickelten selektiven En-Reduktase wurde zunéchst

die bienzymatische Kaskade zum (-)-Isopulegol erfolgreich durchgefiihrt und
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charakterisiert. Fur die abschlieRende Reduktion zum (-)-Menthol konnte ein gangiger
heterogener Katalysator wie z.B. Palladium auf Aktivkohle in Wasserstoffatmosphare
angewandt werden. Dies demonstriert in geeigneter Weise, dass neue Biokatalysatoren
mit bewahrten Syntheseprozessen kombiniert werden kdnnen. Mit den gewonnenen
Erkenntnissen konnte (-)-Menthol anschlieBend erstmals praparativ in 7 % isolierter
Ausbeute Uber eine chemoenzymatische Kaskade aus dem Isomerengemisch des Citrals
zuganglich gemacht werden. Abschlielend beleuchtet diese Arbeit damit nicht nur
unterschiedliche Strategien zur Entwicklung neuartiger Biokatalysatoren, sondern leistet
auch einen Beitrag zu deren mdglichen synthetischen Anwendbarkeit in der Darstellung
industriell relevanter Molekiile.
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1. Introduction

Life depends on the unique precision and molecular adaptability of enzymes.* These are
the catalysts of nature enabling reactions under ambient conditions. The
three-dimensional protein structure of these biocatalysts enables reactions with
remarkable reaction rates and high selectivity (chemo-, regio- and stereoselectivity) -
features often unmatched by man-made homogeneous and heterogeneous catalysts.?
This is promising from a chemical point of view. Many valuable molecules that are for
instance important in the fragrance (e.g. (-)-menthol, vanillin or ambroxan) and the
healthcare (e.g. ragasalin, atorvastatin, artesiminin) industry require highly controlled
reactions to maintain their stereochemical demand and degree of functionalization.® It
has been demonstrated in the last years that microorganisms and enzymes are a true
alternative to provide this molecular control.*® These fascinating aspects of nature’s
catalysts trigger an intriguing question: can we use and adopt them for the synthesis of

valuable molecules through innovative biosynthetic processes?

Despite these aspects, newest developments in the field of biocatalysis promise yet
unexplored potential.”*!° Intriguing examples of ‘classical’ chemistry show that the
implementation of cascade reactions that overcome intermediary purification can
provide significant synthetic simplifications.**** From nature we are well aware of the
puzzling complexity of multienzymatic cascades that, however, are not directly suited
for high-titer production of specific compounds but are designed to provide a cell’s need
for regulation.”® Nevertheless, it has been shown that such cascades can be
reprogrammed™, that efficient multienzymatic cascades can be designed outside of
cells™ and that they can also be combined with ‘classical’ chemical steps in
chemoenzymatic reactions.’® A second powerful improvement lies in the mutagenic
adaption of enzymes by application of advanced molecular biology techniques, a
procedure, which is known as ‘enzyme engineering’.>*° Thereby, enzyme properties can
be elevated from the existent limitations of natural activities to be theoretically tailored
to whatever synthetic needs. It has been shown that it is not only possible to alter
properties like selectivity, stability and substrate specificity based on the existent
biological diversity of reactions. It is also possible to exploit the inherent chemical
diversity that lies within the basic mechanisms of enzymes to induce reactions that

nature did not evolve.'” However, examples that study the application of such evolved
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catalysts in chemoenzymatic cascades are still scarce.*® This work was motivated by the
desire to probe the potential of implementing such evolved enzymes concurrently with
‘classical’ chemistry in chemoenzymatic cascade synthetic routes for the synthesis of
industrially relevant molecules like the aroma chemical (-)-menthol from the
monoterpene aldehyde E/Z-citral. This work provides important insights in the

potentials and remaining challenges of such novel biosynthetic routes.

1.1  Synthetic routes to (-)-menthol

Worldwide, (-)-menthol (also (1R, 3R, 4S)-(-)-menthol or L-menthol) is one of the
industrially most relevant flavor and fragrance compounds.’® Its characteristic
peppermint smell as well as the perceived cooling effect is applied in various cosmetic
and pharmaceutical products. However, these beneficial properties are only obtained for
one of eight possible stereoisomers of menthol, namely (-)-menthol (Figure 1). The
other seven stereoisomers cause bitter tastes or musty off-notes to varying degrees,
which is undesirable for an aroma chemical.?’ In consequence, the production requires

maintenance of a high optical purity of this molecule.

(-)-menthol (+)-neo menthol (+)-iso menthol (+)-neoiso menthol

(+)-menthol (-)-neo menthol (-)-iso menthol (-)-neoiso menthol

Figure 1: Menthol stereoisomers. Due to its three chiral centers, eight stereoisomers of menthol can be
distinguished, which consist of four pairs of enantiomers or in other words two pairs of diastereomers.
The industrially important (-)-menthol is highlighted red. Dashed lines indicate mirror planes of
enantiomer pairs.

Until today large amounts of (-)-menthol are therefore still provided by extracting the
Mentha arvensis plant (corn mint) relying on the organism’s natural biosynthesis of
(-)-menthol (Figure 2).2* The general natural terpene precursors dimethylallyl
pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) are converted in eight
enzymatic steps via limonene to (-)-menthol. It’s a complex cascade of redox and
isomerization reactions. Pure (-)-menthol is isolated by several process steps from

plant-derived cornmint oil involving freeze crystallization as the final one.?? Metabolic
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engineering strategies showed that the overall (-)-menthol yield in the plant biosynthesis
can be increased.”® Nevertheless, one of the main issues of plant-derived menthol
production is the dependence on seasonal fluctuations causing harvest losses.?* This has
fueled the demand for a more reliable supply of synthetic (-)-menthol and consequently,

different synthetic routes have been evaluated.

1. GPP synthase

OPP
DMAPP 2. limonene
synthase
NADPH 3. limonene-3

-hydroxylase
geranyl (-)- llmonene (-)-trans
diphosphate isopiperitenol 4, isopiperitenol
dehydrogenase
NADPJr yeros

5. isopiperitenone

reductase
6. isopulegone
OH <— O <— isomerase
NADPH NADPH NADPH
7. pulegone

(-)-menthol (-)-menthone (+)-pulegone ()cis  ()isopiperitenone  reductase
isopulegone 8. menthone
reductase

Figure 2: Natural (-)-menthol synthesis from dimethylallyl pyrophosphate (DMAPP) and
isopentenyl pyrophosphate (IPP).* Depending on the organism, IPP and DMAPP are either provided
from the mevalonate (MEV) pathway or the methylerythritol phosphate (MEP) pathway.?

Inspired by the natural biosynthesis, synthetic biologists discussed the use of the much
simpler and better understood bacterium Escherichia coli (E. coli) as production strain
for menthol by implementation of the plant biosynthetic pathway.?® However, it appears
that complete transfer of this pathway starting from IPP and DMAPP did not succeed
yet.?” Though, in one proof of concept study, (-)-menthol was synthesized from
R-pulegone in 79.1 % purity (referring to overall product formation) using E. coli cell
lysate by cloning and overexpressing genes encoding for the ene reductase NtDBR from
Nicotiana tabacum and the menthone reductase MMR from Mentha piperita.”® The
same group proposed most recently that they might soon be able to adopt the complete
biosynthetic pathway upon finding a potential isopulegol isomerase, which was yet
missing to achieve this.*® A different enzymatic approach showed that lipases are an
option to enrich (-)-menthol from racemic (+/-)-menthol by interesterification or by

hydrolysis of an existing menthyl ester.*%"

There have also been numerous efforts to implement heterogeneous solid-state catalysts

for the one-pot conversion of various precursors (e.g. the monoterpene citral) to
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diastereomers of menthol.**>* For example, Ni-supported H-Y zeolite catalysts or
Ni-supported H-MCM-41 (another silicate-based mesoporous solid-state catalyst)
provided menthols in up to 54 % chemoselectivity, however, these catalysts struggle in
terms of stereoselectivity (71 % (+/-)-menthol).*® In another study, a Ru/H-BEA zeolite
catalyst was applied to show that citronellal can be converted efficiently with up to
87 % chemoselectivity and 73 % diastereomeric ratio to (+/-)-menthol, however, no

chiral differentiation was possible.®

Today, synthetic (-)-menthol is provided by three major industrial processes (Figure 3).
These are the Haarmann & Reimer (or Symrise) process, the Takasago process and the
BASF process.'*

Haarmann & Reimer process

1. hydrogenation esterification
2 distillation with Me02Ph
OH AI(OR);

m-cresol thymol (+/-)-menthol (+/-)-menthyl
benzoate

1) 1. crystallisation

M

O~ "Ph 2. hydrolysis

H}

Takasago process

# 1. HNEt, / BuLi NEt2 H,S04(aq.) ZnBr, Raney Ni (’j\
. [Rh(S-BINAP) " NOH H, < YOH
COD]CIO4 | : pe

/\
myrcene R-citronellal R-citronellal )-isopulegol (-)-menthol
enamine
BASEF process
X o distillation X 0 Rh-cat. / H, o  AlBt cat.
- . I
‘ 2,6- - OH H,
Ph,C¢H;0H \
E/Z-citral E or Z-citral R-citronellal (-)-isopulegol

Figure 3: Overview of the three actual industrial (-)-menthol synthetic routes, the Haarmann &
Reimer (or Symrise) process, the Takasago process and the BASF process.'**

From these, the Haarmann & Reimer process is the oldest starting in the seventies of the
twentieth century.’ It relies on fractional crystallization of menthyl benzoate, which is
produced from m-cresol and propene via a thymol intermediate. Roughly one decade
later the Japanese Takasago company started to use a distinctly different process relying
on asymmetric organocatalytic isomerization that was developed in collaboration with
Nobel laureate Noyori.*® The process starts from myrcene and makes use of a BINAP-
rhodium-catalyzed isomerization to form R-citronellal enamine, which provides

R-citronellal after acidification. Then, an enantioselective Lewis acid-catalyzed
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cyclization to (-)-isopulegol follows and the reaction pathway is finally completed by
heterogeneous-catalyzed hydrogenation to (-)-menthol. The last two reaction steps are
principally also applied in the BASF process with alternative catalysts, however,
R-citronellal is obtained by asymmetric hydrogenation of citral.’**® The process
requires an additional isomer separation step and performs two separate hydrogenation
reactions to provide R-citronellal from both isomers.
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1.2 Asymmetric reduction of citral

The BASF process expanded the Takasago route by implementing citral as an
alternative feed to provide R-citronellal that can subsequently be converted to
(-)-menthol.*** This chapter highlights the synthetic value of citral and focuses on
synthetic aspects of the asymmetric hydrogenation of citral. The volatility of these
compounds is an essential feature of the involved monoterpene educts and products and

for a start this feature is therefore explained in a prior excursion.

1.2.1 Excursion: volatility of monoterpenes

The herein described monoterpenes are “volatile organic compounds” (VOC) and tend
to evaporate easily into the air.*® Biologically, this can be important for signaling and
the physical phenomenon substantiates the olfactory accessibility of such compounds
that are often recognized by distinct smells. Due to the implications on the small scale
analytical reactions in this work, this long known physical phenomenon®®* shall be
defined further. Vaporization, hence the transition from liquid to gas phase, is

subdivided in evaporation and boiling (Figure 4).%>

vaporization

general liquid to gas
phase transition

il /\\

evaporation boiling
vaporization at surface volumetric vaporization
T < boiling point T > boiling point

Figure 4: Terminologies of liquid to gas phase transitions. The general phase transition is denoted
vaporization, which is distinguished as evaporation at the surface of a liquid that happens at
temperatures T below the boiling point and boiling, which is a volumetric phase transfer happening at or
above the boiling point.

While evaporation solely happens at the surface of a liquid and below the boiling point,
boiling affects the complete volume of the liquid above the boiling point. According to
the Boltzmann distribution a finite fraction of molecules at a liquid surface will have
enough Kkinetic energy to overcome the intermolecular forces that constitute the liquid
phase and are transferring into the gaseous. This process is called evaporation. In
contrast, at the boiling temperature, the bulk of liquid molecules possesses enough
kinetic energy to form gas bubbles within the liquid, which starts the process of boiling.
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If that boiling is imagined to happen in a closed vessel, a significant pressure increase
can be observed if the vessel does not provide the necessary space for the expanding
gas. In contrast, in a closed vessel, evaporation will achieve equilibrium with
condensation, the reverse process, at which a certain partial pressure of the
evaporating/condensating molecule is achieved in the confined gas volume. Then, the
same number of molecules that leave the liquid phase (evaporation), reenters the gas

phase (condensation).

1.2.2 Synthetic methods for the asymmetric reduction of citral

Citral is a linear monoterpene aldehyde that is naturally found in the essential oils of
many citrus plants.”® This volatile molecule consists naturally as a 3:2 mixture of its
isomers, which are E-citral and Z-citral (also known as geranial and neral) and exhibits
a pleasant citrus odor. From a synthetic point of view citral can be regarded as a
platform chemical that serves for the synthesis of various flavors and fragrances as well
as vitamins.** Citral itself is for example cheaply available from the abundant precursors
isobutene, formaldehyde and oxygen (Figure 5).%

/K N OYH
H
isobutene form- +70, é{(g
aldehyde H20

Claisen
rearrangement

N A @ o
o —— B -1
(6] Cope (0]

| rearrangement
E/Z-citral

Figure 5: Synthesis of citral from isobutene, formaldehyde and oxygen.* The process exploits a
heat-induced Claisen-Cope rearrangement domino reaction. Water is the only by-product.

This industrial synthetic process makes use of a sequential Claisen-Cope rearrangement
reaction. This provides citral with water as the only by-product. Citral is well-suited for
demonstrating the significance of chemoselectivity.® In theory, a non-selective
hydrogenation can address the isoprene C=C double bond as well as the activated C=C
double bond and the C=0 double bond of the enal moiety. This entails a variety of

possible reduction products of which citronellal is one (Figure 6).*” This reduction has
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experienced significant attention in all domains of catalysis because of its potential in
menthol synthesis.

Hy
X X
h H, \i H, H,
N [ \O _—
| OH ‘ (6] OH

nerol/geraniol citral 3,7-dimethyloct-2-enal 3,7-dimethyloct
-2-enol

H, H, l H,
H, H, - | H
-~ ~ = N
| OH (0] [6)

citronellol citronellal dihydrocitronellal

OH

3,7-dimethyloctanol

Figure 6: Various products in the general hydrogenation of citral.*” A general hydrogenation can
address both the olefin and the carbonyl function to finally produce 3,7-dimethyloctanol. Intermediate
products are obtainable by chemoselective hydrogenation. Wavy bonds indicate cis-trans isomerism.

In terms of production scale, the industrial hydrogenation as carried out in the BASF
process for (-)-menthol synthesis is one of the largest existing applications of
homogeneous asymmetric catalysis (Figure 7).*** This has been realized by
groundbreaking research in the field of transition-metal asymmetric catalysis, which is
nowadays a standard-procedure of chiral catalysis.***® The chiral control of the
hydrogenation is required to subsequently make (-)-menthol with high optical purity
(chapter 1.1). This hydrogenation, which uses a homogeneous rhodium catalyst
complex with chiral chiraphos ligands was inspired by studies from Dang et al. and
Chapius et al.. They investigated several chiral ligands for asymmetric hydrogenations
of this kind.>"*
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[Rh(acac)(CO)Q] [Rh(acac)(CO),]
R,R- ch1raphos (__--O/.Rh.\\CO
N —0" ~YCO
i\ distillation ~
O —F— Z- c1tra1 [Rh(acac)(CO),] e} )
| + | ch1raphos

S,S-chiraphos

_—

E/Z-citral 74 H, R-citronellal \[ PPh, 4, _PPh,
) ﬂ

(¢} PPh2 PPh2
E-citral

Figure 7: Asymmetric hydrogenation of E/Z-citral to R-citronellal as performed in the BASF
process to (-)-menthol.**® First, the isomers of citral are separated by distillation. Each isomer is
reduced by rhodium-catalyzed hydrogenation. The chiral organocatalyst forms in situ by a
dicarbonyl(acetylacetonato)rhodium(l)  precursor and chiral chiraphos ligands.”® R-selective
hydrogenation is ensured for Z-citral by addition of R,R-configured chiraphos ligands, while for E-citral
S,S-configuration is required. The industrial process supplies the reaction with additional carbon
monoxide, which leads to more stable catalysts.*

The industrial process exploits the chirality of chiraphos ligands that form complexes
with a rhodium catalyst. Different stereoisomers of the ligands are required to provide
desired R-selectivity for both citral isomers because they display mirrored selectivities
for the isomers.>* This behavior explains the necessary previous separation of citral
isomers, which is achieved by a rather energy-intense distillation. Hence, direct
enantioconvergent reduction of both citral isomers to R-citronellal would be appealing
from a synthetic point of view.

Controlling the selectivity of the hydrogenation reaction is, however, rather challenging.
This is further described schematically displaying a trans-hydrogenation process via
hydride and proton transfer (Figure 8). It considers different orientations of the Z- and
E-isomer of citral leading to opposite enantioselectivities. The hydride attachment is
guided to olefin CPB position due to mesomeric carbonyl polarization. In this case this
attachment consequently guides the reaction’s selectivity. The selectivity is determined
by the relative orientation of a smaller methyl group and the larger hydrophobic moiety
M to the hydride. One orientation will deliver S-selectivity (A and C) and the other
R-selectivity (B and D). Both are in principle accessible for each of the two isomers.
However, the respective binding modes of Z- and E-citral, which deliver the same
selectivity, for instance R-selectivity, inherently result in opposite orientation of the
aldehyde functional group. This is a critical aspect for metal-catalyzed asymmetric
hydrogenations because here, the metal surrounded by its chiral ligands appears to bind

to the carbonyl oxygen in a defined geometry that hinders above mentioned opposite
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aldehyde orientation.** Consequently, the relative orientation at Cf is reversed and thus,
opposite enantioselectivities are obtained due to this substrate control.

Z-citral E-citral

0~ o~ M
o7 | H 07
S-citronellal R-citronellal S-citronellal R-citronellal

Figure 8: Schematic representation of different Z-citral or E-citral orientations relative to an
attaching hydride during a hydrogenation reaction explaining either the formation of R-citronellal
or S-citronellal. The scheme highlights the theoretical accessibility of both citronellal enantiomers from
both citral isomers A: Z->S, B: Z=>R, C: E->S, D: E>R. In the respective representations the large
moiety M needs to adopt the same orientation for both isomers to provide R-selectivity, while then the
carbonyl is inherently oriented opposite. Likewise, opposite enantioselectivity is obtained for two isomers
if the carbonyl adopts similar orientation. For representative reasons, a hydrogenation reaction via a
hydride attack is assumed and here the additional proton transfer happens trans-selective not influencing
the stereoselective outcome. The methylprenyl tail of citral is abbreviated as moiety M.

A method that seeks to achieve enantioconvergent reduction for both isomers is thus not
easily achieved. An isomerization-based shift towards one isomer can be one solution to
this issue. In this regard, Hori etal. described one potential alternative combining
heterogeneous and homogeneous catalysis.>®> They found that dual catalyst systems
consisting of Pd/BaSO, and derivatives of the catalytic auxiliary
2-(diphenyl)methylpyrrolidine can reduce both isomers of citral yielding high
enantiomeric excess up to 89 % R. Apparently, the isomerization of an in situ formed
iminium species between citral aldehyde and the amine auxiliary is responsible for the

achieved high selectivities.
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1.3 Enzymatic asymmetric reduction by EREDs

A different approach for directing selectivity is to provide a steric bulk that only allows
for a specific relative orientation of the large moiety M to the small methyl residue
relative to the transferred hydride. In this regard, the three-dimensional protein structure
of enzymes might be a valuable alternative and can be found in the enzymatic

asymmetric reduction using ene reductases (EREDSs) of the Old Yellow Enzyme family.

0 0
ERED ERED
\ \
¢} ¢}
o 0o
0o 0
* o o *
OR ERED OR N\ ERED
C | — D
OR OR RN RN
o) 0 O (6]
Ph Ph. * Q q
ERED ERED
E \( —> \( F /J\ — Ph/\)J\
NO, NO, Ph
0 0
ERED ERED
G Ph—-NO, ——> Ph—NH, H Q = 0 p
ERED
| 0, —_— H,0,

Figure 9: Various selected ERED-catalyzed reduction reactions.®>**® A-E: Reduction of C=C double
bonds adjacent to various electron withdrawing groups like ketones (A), aldehydes (B), carboxylic acids
and esters (C), imides (D) and nitro groups (E); F: reduction of ynone to ketone; G: Reduction of nitro
group to amine; H: Isomerization of exo alkenes to endo alkenes; I: Oxygen reduction to hydrogen
peroxide, which is regarded as uncoupling reaction. Different EREDs catalyze mentioned reactions to
various extent and often stereoselectively in case of prochiral molecules. They require redox equivalents,
typically in the form of NAD(P)H.

The asymmetric reduction of C=C double bonds is found in many bacteria, yeasts, fungi
and plants.”® EREDs from the Old Yellow Enzyme family are considered an emerging
enzyme class for potential industrial application.®®” This is reasoned by their chemical
versatility and usefulness (Figure 9).2°**® As an often inherent property of enzyme
catalysis these reductions usually proceed with high chemo-, regio- and stereoselectivity
forming up to two stereocenters.® Typically, these NAD(P)H-dependent enzymes
catalyze the reduction of olefins, however, they are required to be electron-deficient by
means of an adjacent electron withdrawing group.®* This activation can for example be
provided by ketones, aldehydes, carboxylic acids and esters, imides or also nitro groups

to name prominent examples. As a rule of thumb, substitutions at olefinic Ca are better
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accepted by the majority of EREDs than those at Cp, though, both are in principle
possible.®® It has been shown that activated C=C triple bonds can be reduced to
respective saturated molecules™ and that some EREDs can reduce aromatic nitro groups
to aromatic amines.®® As shown for many other enzymes, EREDs can display catalytic
promiscuity, which is the ability to catalyze different reaction types, namely the
isomerization of exo-alkenes to endo-alkenes could be demonstrated.® It is relevant to
mention that some EREDs tend to be air-sensitive reducing oxygen to hydrogen
peroxide.®? This can lead to a potentially undesired Weitz-Scheffer reaction. This refers

to the epoxidation of electron-deficient olefins at usually alkaline conditions.®

Though, EREDs are not yet used in industrial processes, a recent study successfully
proofed their applicability at a 70 g scale for the reduction of dimethylcitraconate to
dimethyl-2-methylsuccinate.®*

1.3.1 Protein structure of EREDs

The first structural elucidation of an ERED from the Old Yellow Enzyme family was
performed 1994 by Fox and Karplus.%® There was a considerable time gap between this
first structural elucidation and the actual identification of these Old Yellow Enzymes. In
fact, these previously called ‘ferments’ were the first characterized flavin-containing
enzymes.®® A first isolation from the bottom of brewer’s yeast was reported by Warburg
and Christian in 1932 and called ‘yellow ferment”.®” After the isolation of a different
‘new yellow ferment’ by Haas in 1938, the previous was considered as ‘old yellow
ferment’ (today known as OYEL), a name that adhered to this enzyme family until
today.®® The use of unsaturated ketones or aldehydes as oxidants for these isolated
enzymes was then reported by Massey et al. in 1993.° It is interesting to note, however,
that Wiedemann and Fischer already reported a biochemical hydrogenation of various
olefins (amongst them citral) using fermenting yeast in 1934. It is likely that the

reactivity can be deduced to the old yellow enzymes that were isolated from such yeast.

Since this first structural elucidation of OYEL, many more ERED structures have been
solved (at present apparently >60 different EREDs).>® This includes NCR
(NADH-dependent 2-cyclohexen-1-one reductase) ERED from Zymomonas mobilis, an
enzyme that efficiently reduces citral as a substrate (compare following chapter).>® They

all share a conserved structural fold (Figure 10).>*
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Figure 10: Shared (a,p)s-TIM-barrel motif, flavin mononucleotide (FMN) and catalytic key
residues (H172, N175 and Y177) in ERED structures as well as green highlighted active site pocket.
Exemplary, the crystal structure of NCR ERED from Zymomonas mobilis (pdb ID: 4A3U) is shown
because it was chosen as target enzyme. A red arrow marks a possible entrance to the active site pocket.
Each neighboring a-helix and B-sheet is connected by loop regions that mainly constitute the entrance to
the active site.

The proteins form a (a,B)s-TIM-barrel motif, which is widespread in nature. A
characteristic feature of this motif is the presence of eight more or less dynamic loop
secondary structure elements that connect the eight a-helices and B-sheets that form this
motif. This is relevant because the entrance to the active site pocket as well as the active
site pocket itself is mainly formed by these loop structures. Especially the entrance
loops are highly dynamic. It has been shown that this has implications on the catalytic
features of these enzymes and on their stability.”*"* Another common feature is the
non-covalent but fixed incorporation of a flavin mononucleotide (FMN) prosthetic
group above the B-barrel. This is achieved by various interactions between the flavin
and protein amino acids (Figure 11). Some of these amino acids like T37 and Q114 (in
OYE1 ERED) are also described to modulate the redox potential of the flavin, which is
relevant because next to its structural function it is important for the enzyme’s
mechanism.®>">® The mainly hydrophobic active site pocket of these enzymes
additionally harbors three widely conserved and catalytic relevant amino acids, namely
a His/His or His/Asn pair together with a Tyr residue.””’® In NCR ERED from
Zymomonas mobilis these are for example H172, N175 and Y177 (Figure 10).
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Figure 11: Amino acids providing non-covalent interactions between ERED protein and prosthetic
flavin mononucleotide (FMN) as described by Karplus et al. upon their crystallization of the ERED
OYEL.®® Intermolecular interactions to the FMN were found for OYE1 amino acids P35, T37, G72,
Q114, R243, G324, N325, F326, G345, G347 and R348. Relevant residues in familiar EREDs can be
deduced by sequence alignments (e.g. for OYEL and NCR in Figure Ap. 1).

Most EREDs are functional monomers or dimers, however, a distinct subclass called

“thermophilic-like” EREDs forms higher order quaternary structures.>*

1.3.2 Mechanism of ERED-catalyzed asymmetric hydrogenation

The hydrogenation reaction of EREDs proceeds in a so called ping-pong bi-bi
mechanism (Figure 12).>*”" This refers to a two-step mechanism consisting of a
reductive and an oxidative half reaction with respect to the flavin prosthetic group. In
the reductive half reaction oxidized FMN is reduced by a transient NAD(P)H cofactor.
The cofactor transfers a hydride to the N5 position of the isoalloxazine ring. Because of
steric reasons it needs to leave the catalytic site afterwards before the substrate
(typically an olefin) can enter the active site pocket. In the following reductive half
reaction, the NAD(P)H-derived hydride at the flavin adds to the C=C double bond and
the reduction is then completed by a proton transfer, which is derived from a catalytic
tyrosine (e.g. Y177 in NCR ERED).”
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oxidative half reaction
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Figure 12: Ping-pong bi-bi mechanism of EREDs. The mechanism consists of two distinct sequential
half reactions. Oxidized prosthetic FMN is reduced by a transient NAD(P)H cofactor via hydride transfer
in a reductive half reaction. After NAD(P)" leaves the active site pocket an o,B-unsaturated
electron-deficient olefin serves as oxidant in a separate oxidative half reaction. Here, the
NAD(P)H-derived hydride is further transferred to the olefin Cp position while a proton, which is derived
from a catalytic tyrosine is attached to the Ca position. The reaction, which is shown for citral as oxidant
happens trans-selective.

While the reductive half reaction adds to the overall reaction rate, from a stereochemical
point of view the oxidative half reaction, hence the reduction of the olefin, is crucial.
The three-dimensional course of the reaction is highly controlled (Figure 13).”" For
reactive binding, the oxidant’s C=C double bond adopts a stacked conformation above
the flavin isoalloxazine ring allowing for m-r interactions. A conserved His/His or
His/Asn pair (e.g. H172 and N175 in NCR ERED) facilitates this orientation by
hydrogen bridging to the electron withdrawing group that is required for olefin
activation.”®”® The electron pull of this group, for example an aldehyde, causes a
partially negative charge at the olefin Cp making this position electrophilic. Thus, the
hydride nucleophile attaches to this carbon atom. The final proton transfer to the Ca
olefin position is believed to derive from a conserved tyrosine residue.”” As the flavin
and the tyrosine are located on opposite faces of the olefin plane, the reduction proceeds
trans-selective. Due to the nature of this reaction, the hydride addition will directly
influence a prochirality at Cp and the proton transfer at Ca. Different enantioselective
outcomes are consequently determined by opposite binding modes as generally
introduced for the substrate citral in chapter 1.2 (Figure 8). The specific shape of ERED
active site pockets often favors a specific binding mode or even renders some

impossible to adopt, explaining their often high enantioselectivities.”
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Figure 13: Spatial course of ERED-catalyzed hydrogenation. The figure highlights that the
flavin-derived hydride and the tyrosine-derived (e.g. Y177 in NCR) proton are added to the substrate’s
a,p-unsaturated C=C double bond from opposite sides of the olefin plane causing an overall
trans-selective hydrogenation. The electron withdrawing group of ERED oxidants is positioned via
hydrogen bonds to a conserved His-His/Asn pair (e.g. H172 and N175 in NCR ERED). Citral is depicted
as exemplary activated olefin (enal) with M being the methylprenyl moiety.

Most of today’s mechanistic understanding of EREDs is derived from studies of Massey
et al. performing diverse spectral and knock-out experiments using OYE1.%>">7""8 Thjs
involves the presented tyrosine proton donor (Y196 in OYE1).”” An Y196F variant
rendered the variant catalytically inactive, which together with structural elucidations
led to the generally accepted role of this conserved tyrosine as proton donor. However,
recent studies involving variations at homologous tyrosine residues in familiar EREDs
surprisingly observed retained activity, though being diminished.”®®%% In consequence,
the proton donor function of this tyrosine is partially up for discussion considering that

the proton might also be water-derived.

Novel insights into the ERED mechanism were provided by detailed kinetic studies
from Scrutton et al. unveiling that quantum tunneling plays a significant role in the

hydride transfers of the reductive and oxidative half reaction.?*®

Quantum tunneling is
a non-classical effect based on the wave properties of particles (wave-particle duality of
matter) that at room temperature can be significant for light atoms like hydrogen.®* The
consequence of atom tunneling is that reactions can proceed with higher reaction rates
although classically the majority of atoms do not possess enough kinetic energy to cross

the activation barrier of a certain chemical reaction.

1.3.3 ERED-catalyzed reduction of citral

Already in 1934, Wiedemann and Fischer observed citral reduction in fermenting yeast,
which nowadays can be ascribed to ERED activity.”® Today, several EREDs from this
enzyme family have been characterized biochemically and also, their crystal structure is
known.*® Some of these reductases have also been tested with regard to their ability to

convert citral. From the currently available data of those studies from which both,
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product selectivities and the isomeric nature of the applied citral can be retrieved, two
selectivity patterns can be distinguished (Table 1).

Table 1: Present selectivity types of characterized EREDs in the reduction of E- or Z-citral to R- or
S-citronellal. Data is retrieved from various publications that allowed insight into which citral isomer or
whether the isomeric mixture was used. ldentified type I citral reductases are R-selective for E-citral
reduction but produce racemic mixtures or S-citronellal for Z-citral reduction and all so far identified
representatives are yeast-derived. In contrast, type Il citral reductases are exclusively S-selective for both
citral isomers and all so far known representatives are either plant- or bacterial-derived.

~N
ERED o

I NADH I

E- or Z-citral

R- or S-citronellal

Type |

enantiodivergent reduction
of citral isomers

yeast-derived
trend E2>R&Z-S

Type Il

enantioconvergent reduction
of citral isomers

bacterial- or plant-derived
trend: E/Z2> S

OYE1 from Saccharomyces pastorianus®
OYE2 & OYE3 from Saccharomyces cerevisiae®

EBP1 from Candida albicans®’
CYE from Kluyveromyces marxianus®
KYE1 from Kluyveromyces lactis*

OYE?2.6 from Scheffersomyces stipitis CBS 6054%

NCR from Zymomonas mobilis®

LeOPR1 & LeOPR3 from
Solanum lycopersicum®®

AtOYE1 & AtOYE3 from Arabidopsis thaliana®®
GIUER from Gluconobacter oxidans®

MR from Pseudomonas putida M10%

PETNR from Enterobacter chloacae PB2%
NemA from Escherichia coli®’

YersER from Yersinia bercovieri™*

YqjM from Bacillus subtilis strain 168%

YqiG from Bacillus subtilis strain 168

TOYE from Thermoanaerobacter
pseudethanolicus E39%

Some ERED:s like TSOYE from Thermus scotoductus did not convert citral 2 Others
exerted only minor activity due to the challenging substrate’s CB substitution.>* From
the available data, roughly two selectivity behaviors of EREDs, which in this regard can
also be regarded as ‘citral reductases’, are distinguishable. The first behavior, arbitrarily

denoted as type | citral reductase, is exclusively found for all yeast-derived EREDs.
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They reduce E-citral with high, but not exclusive R-selectivity, while the reduction of
Z-citral tends to proceed racemic or shows opposite selectivity. In contrast, a distinctly
differing selectivity pattern, denoted as type Il citral reductases, is found for all
plant- and bacterial-derived EREDs. They are S-selective regardless of the citral isomer
that is used as substrate and most representatives even display enantiomeric excess
values >99 %. Such a distinction has been previously suggested and is herein

confirmed.®

An especially relevant contribution for the ERED-catalyzed reduction of citral has been
reported by Stewart et al. successfully probing the preparative-scale application of this
reaction. Both, S- and R-citronellal were obtained in high optical purity by applying the
type | citral reductase OYE2.6 for E-citral reduction and the type Il citral reductase

NemA for Z-citral reduction.®

This preparative-scale demonstration made use of the purified enzymes. This is caused
by a limiting side reactivity that is typically observed in whole cells or their respective
lysates. Ubiquitous non-specific alcohol dehydrogenases reduce carbonyl moieties to
the respective alcohols.®® While product reduction to citronellol might be undesired for
possible further reaction steps, the reduction of citral to nerol and geraniol represents a
dead-end for the ene reduction. Alcohols do not provide enough olefin activation for the
reduction with EREDs.>* Other potential side reactivities were reported under alkaline
conditions in the presence of amino acids or the protein bovine serum albumin.* Then,

partial deacetylation to sulcatone as well as citral isomerization was observed.

In light of the presented issues in chemical asymmetric hydrogenation, the
enantioconvergent citral reduction of type Il citral reductases is appealing. It proves that
these enzymes can indeed provide enantioconvergent selectivity. A property that would
potentially facilitate (-)-menthol synthesis rendering citral separation redundant.
However, the process requires the opposite R-selectivity that, so far has not yet been
identified for natural EREDs. Nevertheless, type | citral reductases also highlight the
principally possible R-selective citral reduction with those enzymes. One potential
strategy to close this selectivity gap is the continuous characterization of the vast
majority of yet uncharacterized EREDs in nature. On the other hand, the recent

advances in enzyme engineering provide another promising strategy.
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1.4 Creating enzymes beyond nature — tools in enzyme
engineering

One motivation of the present work is to demonstrate the methodological value of
molecular biology for creating novel synthetic pathways. Due to the fact that the protein
structure of enzymes is encoded genetically by its underlying DNA, it is relatively
simple to change one or more enzyme amino acids by DNA mutagenesis. This is known
as enzyme engineering because with these alterations enzymatic features can be directly
adapted.’ Typical features that are addressed are for example catalytic activity,

selectivity, substrate scope, enzyme stability but also mechanistic diversity.

1.4.1 Enzyme engineering strategies

Enzyme engineering is considerably affected by the question how to cope with the
enormous sequence space that arises of the possible protein alterations.®> Three major
strategies can be distinguished that address this issue.”*®" Directed evolution adopts
nature’s strategy of evolution by natural selection.®® Herein, usually large enzyme
libraries are generated and screened with high-throughput assays.”® The development of
a suitable assay is often not trivial and a limiting factor. In contrast, the rational design
strategy can be regarded as an opposite approach.®” It aims to predict certain
sequence-structure-function relations on the basis of structural and mechanistic
information to select for defined amino acid exchanges creating very small enzyme
libraries that are screened easily. Due to our still limited understanding of enzyme
catalysis, optimizations in proof of concept directed evolution examples are often higher

compared to purely rational approaches.”

The so called semi-rational design is a third strategy that combines features of the first
two strategies.'® A very prominent and often successful strategy that generates
medium-sized enzyme libraries (hundreds to thousands of variants) is iterative
site-saturation mutagenesis, or short ISM.'®* ISM can be regarded as a semi-rational
approach. It uses preliminary information as known from the rational design approach
to select single or clustered amino acids, which should hypothetically influence a
desired enzyme function that one wants to engineer. At these so called “hot-spots”
diversity is introduced by varying these hot-spots with up to all of the twenty canonical

amino acids. The thus generated libraries are then analyzed and “hits” with improved
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feature are selected. Then, this hit is used as template for consecutive diversifications at
residual hot-spot regions or positions. This process is continued in an iterative fashion
until the desired feature is engineered. It has been shown that choosing a limited amount
of hot-spot sites but exchanging those against all 20 canonical amino acids is a strategy
as viable as doing the opposite, selecting a large amount of hot-spots, which are,
however, only exchanged against a limited set of amino acids.'® Both strategies can

provide sufficient diversity.

Due to the limited library-sizes, the method is especially suited for enantioselectivity
engineering because of the limited ability to quickly distinguish chiral information in a
high-throughput assay.'®® Examples of effective screening assays like UV/VIS
spectroscopy-based detection of more selective lipases and others have been reported.'*
However, these assays require certain molecular motifs and are thus not generally
applicable. This explains why most studies rely on chiral GC or HPLC analysis.®® In

consequence, the screenable library sizes are then limited.

A recent ERED-focused review highlights that many features like activity, substrate
scope, stability and also selectivity could be optimized successfully by different enzyme
engineering approaches.”” For the present work, two specific ISM examples of
engineered ERED selectivities are especially relevant to mention. Reetz etal.
demonstrated the usefulness of the ISM strategy by engineering both, the R- and
S-selective reduction of 3-methylcyclohexenone to 3-methylcyclohexanone in the
thermophilic ERED YqjM.'® Furthermore, Stewart et al. were also successful in the
engineering of stereoselective OYEL variants for the synthesis of the building block
methyl 3-hydroxy-2-methylpropionate (Roche ester) from the respective Baylis-Hillman
adduct.'®” Despite these efforts, so far no report is known that tried to engineer an
enantioconvergent R-selective citral reduction. This might be explained by the fact that
in contrast to other selectivity engineering studies, the selectivity towards both citral
isomers needs to be engineered concomitantly, which is complicated by a possible

opposite substrate control as described before (Figure 8).
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1.4.2 In silico methods for understanding and guiding enzyme
engineering

Many computational tools have been developed that can be used to guide enzyme
engineering.’® They enable visualizations of enzymatically relevant situations and
processes that are experimentally difficult to achieve. In a so called de novo design
approach, it is even possible to design new enzyme functions from scratch.’®® The

concepts of three in this work applied in silico methods are introduced (Figure 14).
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Figure 14: Conceptual representation of selected in silico methods from the view point of enzyme
catalysis. The figure highlights basic differences in the application of these methods as described in this
work. QM is referring to quantum mechanics.

Molecular docking simulation

The objective of ligand-receptor docking is to computationally predict the binding of
rigid or flexible small molecules to a rigid protein.**° The computation aims to find
optimal non-covalent interactions between a receptor (protein) and a ligand (inhibitor or
substrate), which it does by the calculation of binding energies. The fact that protein
dynamics are usually not accounted for in this method makes this technique fast and
relatively easy to apply, but one should also be aware that the lacking protein dynamics
might conceal interactions that are in fact essential."'* The probably most valuable
feature of this method is that it allows a graphical representation of ligand-receptor
binding that can be useful together with experimental verifications. Concisely spoken,
the method relies on force field calculations, which simplify atoms and bonds as point
charges and springs that span a force field in which a ligand is set randomly and thus

exposed to these forces.!*?
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Molecular dynamics simulation

In principle, molecular docking and molecular dynamics (MD) simulations are related
methods because usually both apply force field calculations.*** The main advantage
over docking simulations is the consideration of protein dynamics, which increases the
meaningfulness of these calculations but also complicates the computation
significantly.’®®!* Because of the sheer size of proteins, a lot more interactions need to
be calculated. Further on, in contrast to docking, laws of kinetic motion are added to the
calculations that are needed to explicitly describe motion. The thus present Kinetic
energy allows the switch between different conformational states. Usually, such
simulations include a solvent, so for proteins an aqueous buffer solution. The simulation
time is an essential parameter in MD simulations and depends on the nature of the
questions that such a calculation tries to answer.*** Short simulations in the picosecond
to nanosecond scale allow for bond vibrations and some side chain rotations. After a
docking simulation this can be regarded as MD refinement. However, microsecond- to
second-simulations are needed to simulate various degrees of secondary structure and

domain movements.

Semi-empirical quantum mechanics modelling

The described force field calculations are usually not suited for the simulation of
chemical reactions, which in enzyme catalysis might be valuable for understanding
mechanistic details or potential mechanistic promiscuity.**> Chemistry is basically the
breaking and formation of bonds, which is guided by the interaction of electrons. For an
accurate representation of these interactions the quantum mechanical nature of these
small particles like the wave-particle duality cannot be neglected.**? Quantum
mechanical simulations that reproduce chemical reactions and their transition states
solve the Schrodinger equation, which describes these interactions. Due to a trade-off of
calculation accuracy and effort, so called semi-empirical methods like PM7 proved their
applicability to simulate an enzyme’s underlying chemistry.*™ They are suitable for a
system accounting several hundreds of atoms, which is the typical size of an enzyme’s
active site. Hence, an active site model is generated, which is for example retrieved
from an available crystal structure or previous force field simulations. A common
simplification is to fix the backbone of selected model amino acids in space to account

for the limited degrees of backbone atoms.
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1.5 Promiscuous Prins monocyclization by AacSHC

Squalene-hopene cyclases (SHCs) are enzymatic Brgnsted acid catalysts that naturally
catalyze the cyclization of the triterpene squalene to the pentacyclic products hopene

and hopanol (Figure 15 A) for the cyclization of terpenoids.**®

A) natural reaction: polycyclization of squalene

X </
J!
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4
A-H Z/
\ %)
squalene hopanol

B) chemical diversity: Prins monocyclization

m
A-H SHC
- Y, variant

N H /3\

R-citronellal (-)-isopulegol

Figure 15: Promiscuous catalytic activities of squalene-hopene cyclase. A) The natural
polycyclization of squalene is a Brensted acid-initiated domino reaction that is either quenched by
elimination to form hopene or by water addition to form hopanol in a highly selective manner.'® B) The
catalytic promiscuity of the general Bransted acid character of the AacSHC could be exploited by enzyme
engineering to generate an AacSHC variant for the Prins monocyclization of R-citronellal to
(-)-isopulegol.*” Herein, A-H refers to an amino acid acting as Bransted acid.

In this reaction, a cyclization cascade starts by initial protonation of a terminal isoprene
C=C double bond with intermediate carbocations forming that are finally either
quenched by elimination to hopene or by water addition to hopanol.*****¥*?! Stydies on
the squalene-hopene cyclase from Alicyclobacillus acidocaldarius (AacSHC) are a
powerful example of the potential that lies in enzyme engineering.**"*?*% Inspired by
the potential of Brgnsted acid chemistry, it was thereby demonstrated that AacSHC can
indeed catalyze a set of chemically diverse reactions with various substrate specificities

and selectivities. >’

One intriguing example of this catalytic promiscuity is the Prins cyclization of
citronellal to isopulegol (Figure 15 B).!"2212* Apart from the fact that the monoterpene
is roughly 1/3 of the squalene size, it is most remarkable that the cyclization initiation of
citronellal requires the protonation of the C=0 bond instead of the also present C=C
double bond.*? While another wild-type SHC from Zymomonas mobilis (ZmoSHC 1)

was able to catalyze this conversion, though, unselective, the natural AacSHC was
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initially reported to be inactive in this conversion.'?

A mutational study could increase
the citronellal cyclization activity of the ZmoSHC and also induce this activity in the
AacSHC, but the conversions remained unselective.’?***® However, in a broader
enzyme engineering project centered on the AacSHC it was then shown that already by
introduction of single amino acid variations highly selective Prins monocyclization of
S-citronellal could be engineered.*®* It should be noted that during these studies, a more
detailed analytics also enabled the identification of citronellal traces when using the
wild-type.'?® It was somewhat surprising that the engineering of selective R-citronellal
cyclization was less facile. An additional engineering project, however, succeeded to
close this gap and also generated the AacSHC triple variant A419G/Y420C/G600A with

e.e.>99 % and d.r.= 90 % towards (-)-isopulegol.**"*?°

The underlying thermostable wild-type SHC is a membrane protein originally derived
from the thermophilic organism Alicyclobacillus acidocaldarius (Figure 16).**® The
crystal structure revealed an a-helix that serves as membrane anchor as well as a long
hydrophobic active site pocket that is formed at the interface of two separate protein
domains, which each form a (o/a)s-barrel structure. The SHC is a class Il triterpene
cyclase. In contrast to class | cyclases, these enzymes do not require a magnesium
cofactor and a diphosphate leaving group.**** Instead, the enzyme acts as a Bransted
acid due to a defined hydrogen network that orients the catalytic acid Asp376 (for
AacSHC) in an anti-conformation, which is up to 10,000-fold more acidic than the

syn-conformation. ™2

Next to presented alternative enzymatic hydrogenation in the reduction of E/Z-citral to
R-citronellal, cyclase variant A419G/Y420C/G600A might be exploited for the
synthesis of (-)-menthol. As the variant achieves high selectivity in the cyclization of
R-citronellal to (-)-isopulegol it might be an interesting alternative to so far applied
chemical methods. Recent examples also highlighted that high selectivities can be
achieved with homogeneous Lewis acid catalysts.*** However, the recovery of these
metal-based catalysts is complex.”®** Furthermore, other approaches based on

%135 or supramolecular catalysis™® often struggle with

heterogeneous catalysis
providing sufficient selectivity and unwanted side reactions, although for example
heterogeneous catalysts are easier to recycle.’** The cyclase enzyme offers a highly

selective metal-free alternative to be studied.
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Figure 16: Crystal structure (pdb ID: 1UMP) of squalene-hopene cyclase from Alicyclobacillus
acidocaldarius with highlighted active site in purple surface color. Aspartic acid D376 in red stick
representation acts as catalytic Brgnsted acid. In purple stick representation highlighted residues A419,
Y420 and G600 were key positions for the generation of an SHC variant that catalyzes the Prins
monocyclization of R-citronellal to (-)-isopulegol.™*” The crystal structure contains azasqualene (black)
for identification of the substrate’s binding site. The membrane anchor a-helix of the SHC is colored

petrol.
While such squalene-hopene cyclases are in nature often part of enzymatic cascades at
the starting point of generating molecular diversity, so far no report of their use in

man-made cascade reactions is known despite their huge synthetic potential.
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1.6 New synthetic concepts by implementation of
multienzymatic and chemoenzymatic cascades

Cascade reactions are ,,[...]sequences of chemical transformations in which the starting
substrate is designed so as to [...] undergo a reaction whose product becomes the
substrate for the next step [...] and so on [...]” (Figure 17).** This is a definition from
Nicolaou et al. in a review about cascade reactions in ‘classical’ organic chemistry. He
described one of the key features that are found in natural metabolism. Here, vast
sequences of enzymatic conversions generate the molecular diversity cells require for
survival.'® This highlights that it might be of value to adopt nature’s catalysts in such

synthetic cascade reactions.

cat. 1

AL B cat. 2 C[ —>J

Figure 17: Concept of a general (linear) catalytic cascade reaction. At least two reactions, the
conversion of A to B as catalyzed by catalyst 1 (cat. 1) and the conversion B to C as catalyzed by
catalyst 2 (cat. 2) are coupled in one reaction environment. Intermediate B is not isolated in between. A,
B and C represent either single or several reactants/products. Any number of additional reaction steps
could follow.

It should be considered that these natural cascades are designed to fulfill a cell’s need
for high regulation rather than providing high yields that is desired in a synthetic
process.™® Hence, a fruitful strategy might be to dissect the synthetically useful elements
from those that are unnecessary for a desired synthesis to finally assemble new synthetic
pathways. And indeed, increasing efforts provide numerous multienzymatic cascade
reactions that demonstrate the synthetic value of this concept.’*** The successful
implementation of EREDs is for example demonstrated by a linear trienzymatic cascade
also involving an alcohol dehydrogenase (ADH) and a Baeyer-Villiger monooxygenase
(BVMO). First, an ADH oxidizes a cyclic enol to the respective enone to sufficiently
activate the olefin to be directly reduced by the ERED and the thereby formed saturated
cyclic ketone can finally be oxidized by a BVMO to the respective lactone (Figure 18).

0 O
OH ADH [f ERED P BVMO é}
Eé +NADP* +NADPH, H" ﬂ +NADPH, H', O,

enol  _NADPH,H'  °M°"¢  _NADP' ketone N App* H,0 lactone

Figure 18: Exemplary trienzymatic cascade of a pentacyclic enol to a hexacyclic lactone. It employs
NADP*-dependent alcohol dehydrogenase (ADH), NADPH-dependent ERED and NADPH- and
oxygen-dependent Baeyer-Villiger monooxygenase (BVMO).'*
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This cascade was initially implemented in vitro, hence isolated enzymes have been
applied. It was, however, later also realized in vivo'*, which refers to the realization of
the cascade within a usually living cell.*** The advantages of in vitro cascades are their
better controllability, the independence from cell viability and possible unpredictable
side reactivity within the cellular environment and a usually easier analytical workup.'*?
In contrast, in vivo cascades do not require enzymes to be purified, can provide internal
cofactor regeneration and the cascades might be coupled to the cells central metabolism
(metabolic engineering) allowing the use of renewable resources as substrates (e.g.
glucose). In addition, unviable cells or lysates thereof are often also applied. The
selection of the reaction system mainly depends on the requirements and purpose of the
cascade to be assembled and the advantages and disadvantages need to be considered
case by case. Due to the inherent better controllability, often novel cascades are in fact

initially assembled in vitro.'®

Generally, the synthetic appeal of using such reaction cascades derives from the
potential to design more efficient and cleaner syntheses, which save physical resources,
intermediate workup and purification steps as well as time."? Such cascades also enable
the handling of otherwise unstable or toxic intermediates and provide the opportunity to
shift equilibrium conversions by addition of irreversible reaction steps.'® These are
advantages of both, economic and ecologic nature. In this regard, it is tried to
implement reactions under similar conditions, which is then called a “one-pot” reaction.
Potential limitations of such cascade reactions are potentially divergent reaction
conditions and the therefore relatively complex matrix of parameters (e.g. pH,
temperature, solvent, concentrations etc.) that needs to be adapted. This implies a
necessary trade-off between sometimes competing parameters.

Typically, reaction cascades are assembled linearly.™> However, such cascades can also
contain orthogonal elements. Using oxidoreductases can for example require the
additional implementation of cofactor regenerating enzymes like a glucose
dehydrogenase.*®* Moreover, concurrent cascades initially mixing all reactants and
catalysts of a cascade can be distinguished from a sequential fashion adding additional

reactants and catalysts after the completion of prior reaction steps.™

While the creation of novel biosynthetic pathways inside cellular factories is one major
trend in biocatalysis, the conceptual similarities of such cascades with counterparts in

‘classical’ chemistry also triggered a combination in so called “chemoenzymatic”
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cascades.’®'** This is not a new concept and the first example was presented in 1980
when D-mannitol synthesis from D-glucose demonstrated that a metal-catalyzed
hydrogenation in aqueous solution can be fruitfully combined with enzyme-catalyzed

14 A newer example successfully combined a C=C double

isomerization (Figure 19-A).
bond-forming Wittig reaction with a subsequent reduction of the in situ formed olefin

by employing EREDs (Figure 19-B).**°

A) First reproted chemoenzymatic cascade

A glucose CH,OH CH,OH
—7TOH  isomerase =0 pt/C, H, HO—T—
HO—— aq. HO—— aq. HO—T—
—1—OH —-— OH OH
—1OH —+—O0OH —1—OH
CH,OH CH,OH CH,OH
D-glucose D-frcuctose D-mannitol

B) Example for ERED-application in chemoenzymatic cascades
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Figure 19: Selected examples of one-pot chemoenzymatic cascades. A) First published
chemoenzymatic cascade from van Bekkum et al. reporting on the concurrent use of glucose isomerase
for interconversion of a invert sugar mixture to enrich D-fructose from D-glucose for subsequent
hydrogenation to D-mannitol by supported platinum catalyst.*® B) Concurrent C=C double bond
formation by means of Wittig reaction and subsequent C=C double bond reduction using an ERED.
Required NADP" is regenerated by glucose dehydrogenase (GDH) at the expanse of b-glucose forming
D-gluconolactone.**

While nowadays also more and more of such chemoenzymatic cascade examples are
published, it is expected that enzyme engineering will provide even greater adaptations
and synthetic applications.’®*® However, the study of such engineered enzymes in
chemoenzymatic cascades is still scarce. In one inspiring example, a typical
Hoveyda-Grubbs metathesis catalyst was successfully combined in a one-pot reaction
system with an engineered monooxygenase.'*” The subsequent enzymatic epoxidation
reaction favored the formation of a specific olefin intermediate by the metathesis
catalyst. In the following description of this thesis’s motivation a novel
chemoenzymatic cascade employing engineered enzymes is envisioned to provide an

alternative synthetic route to (-)-menthol from E/Z-citral.
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1.7 Motivation and aim of the thesis

The aim of the present thesis was the implementation and study of a novel
chemoenzymatic cascade for the synthesis of the industrially relevant aroma chemical
(-)-menthol (Figure 20). Based on an existent production route from E/Z-citral, the
synthesis should combine the stereocontrol of highly selective engineered ERED and

SHC biocatalysts with a well-established heterogeneous hydrogenation catalyst in

one-pot.
metal
N engineered engineered catalyzed
§\ ERED _SHC _ hydrogenat1on
~0 S0 ~"NOH
ElZ-citral R-citronellal (-)-isopulegol (-)-menthol

Figure 20: Envisioned aqueous one-pot chemoenzymatic cascade from E/Z-citral to (-)-menthol. The
cascade aims to exploit an initial R-selective asymmetric hydrogenation to R-citronellal by an engineered
ERED as well as a subsequent selective promiscuous Prins monocyclization by an engineered SHC to
(-)-isopulegol. Final unselective metal-catalyzed hydrogenation provides (-)-menthol.

Specifically, this work was divided in two major challenges:

1) The creation of a so far unknown R-selective ERED biocatalyst for the reduction
of both citral isomers by enzyme engineering to provide an alternative to the
currently required costly isomer separation. Engineering of ERED-catalyzed
citral reduction selectivity has not been reported before.

2) The evaluation and optimization of the combined use of thus engineered ERED
biocatalyst with a previously engineered SHC triple variant. This is the first
study that implements an engineered SHC in a man-made cascade reaction.
Finally, a sequential Pd-catalyzed hydrogenation should be added without
intermediate purification to show as proof of principle that (-)-menthol can be
synthesized with the envisioned one-pot chemoenzymatic cascade.

This work is generally motivated to contribute to a broader applicability of enzymes in
novel man-made biosynthetic pathways. To this end, it shall be highlighted how newest
developments in enzyme engineering can realize new kinds of chemoenzymatic
cascades. This shall showcase how enzymes can complement established chemical
methods to close existent synthetic gaps in the synthesis of industrially relevant
molecules. On the long run this research will provide more economic and ecologic

processes that are much-needed for a more reasonable resource handling.
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2. Materials and methods

If possible, stock solutions of chemicals as well as aliquot solutions (pooling of

components in master mixes) were applied in order to reduce pipetting effort and error.

2.1 Materials

2.1.1 Chemicals

Table 2: Used chemicals with supplier information.

supplier

chemical

VWR (Darmstadt, Germany)

NaOH, IPTG

ThermoFisher Scientific Inc.

(Waltham, USA)

10 mM dNTP mix, Gene Ruler™ 1 kb Prestained DNA Ladder, PageRuler™ Prestained
Protein Ladder, Pierce™ Coomassie Assay Reagent, 2 mg/mL Albumin Standard Ampules

Sigma-Aldrich
(St. Louis, USA)

tryptone enzymatic digest from casein, RbCI, MOPS, R-citronellal, S-citronellal, BSA,
EDTA, bromophenol blue sodium salt, Coomassie® brilliant Blue R 250, KAc, CaCl,
dehydrated, MnCl; « 4 H,0, sucrose, MgCl, dehydrated, MgSO, anhydrous, KCI, 5 % (w/w)
Pd/C, L-rhamnose monohydrate, a-D-glucose, E/Z-citral, R/S-citronellal, R/S-citronellol,
R-citronellol, S-citronellol, nerol, geraniol, (+)-isopulegol, (-)-isopulegol, (-)-menthol,
(+)-menthol, tetracycline hydrochloride, spectinomycin dihydrochloride, 30 % acrylamide
solution, DEAE-Sephacel©, B-NAD reduced sodium salt, TEMED, MES, CDClIs, 1-octanol,
imidazole, Triton X-100, sulfuric acid, citric acid monohydrate, PEG 8000, KOH

Carl Roth GmbH + Co. KG
(Karlsruhe, Germany)

yeast extract, ampicillin sodium salt, glycerol, kanamycin sulfate, agarose NEEO
Ultra-Quality, Orange G, MTBE, NADH disodium salt, KH,PO,, K;HPO,, ethanol, DTT,
DMSO, APS, isopropanol, 37 % HCI, agar-agar, NaCl, D(+)-lactose monohydrate,
chloramphenicol, Tris, PMSF, SDS, ethyl acetate, n-heptane, isooctane, acetone, celite 545,
vanillin, sea sand, CHAPS, acetic acid 100 %, methanol

Merck Millipore
(Billerica, USA)

ethanol, 1-decanol , silica gel (0.040-0.063 mm)

Expedeon LTD BradfordUltra™
(Cambridgeshire, UK)
Air Liquide S.A. N(I)

(Paris, France)

abcr GmbH
(Karlsruhe, Germany)

isopulegol mixture of isomers

BASF SE
(Ludwigshafen, Germany)

Z-citral (~94 % purity), E-citral (~85 % purity)
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2.1.2 Enzymes

Enzymes applied for cloning and expression are displayed (Table 3). All enzymes were
stored at -20 °C.

Table 3: Applied enzymes for cloning and expression with supplier information.

supplier enzyme
VWR (Darmstadt, Germany) Dpnl restriction enzyme
Sigma-Aldrich deoxyribonuclease, KOD Hot Start DNA polymerase

(St. Louis, USA)

Agilent Technologies PfuUltra Il Fusion HS DNA polymerase
(Santa Clara, USA)

New England Biolabs GmbH T5 exonuclease, Taqg DNA ligase
(Frankfurt, Germany)

2.1.3 Designed primers

All primers were purchased from metabion international AG (Planegg, Germany).

Primers applied for site-directed mutagenesis:

Primer design followed rules as outlined in the QuikChange Il Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, USA). For site-directed
mutagenesis in the ncr and oyel genes, defined triplet codon exchanges were performed
(Table 4 and Table 5). In the case of codon redundancy, the codon with highest use in

E. coli K12 was applied.
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Table 4: List of utilized forward and reverse primers for the creation of site-directed mutants in the
ncr wild-type gene.

forward primer (5°>3°) /

mutation .
reverse primer (5°=2>37)
. GATGGCGCCTCTGGCGCGTGGCCGTGCCAC
GTGGCACGGCCACGCGCCAGAGGCGCCATC
To5E GATGGCGCCTCTGTTTCGTGGCCGTGCCAC
GTGGCACGGCCACGAAACAGAGGCGCCATC
AS6G CTGATTATTTCAGAAGGCACTGGCATTAGTC
GACTAATGCCAGTGCCTTCTGAAATAATCAG
ASGE CTGATTATTTCAGAATTTACTGGCATTAGTCAGG
CCTGACTAATGCCAGTAAATTCTGAAATAATCAG
WESA CAGGAAGGTTTGGGCGCGCCTTATGCTCCGG
CCGGAGCATAAGGCGCGCCCAAACCTTCCTG
eV GTCAGGAAGGTTTGGGCGTTCCTTATGCTCCGG
CCGGAGCATAAGGAACGCCCAAACCTTCCTGAC
Web! GTCAGGAAGGTTTGGGCATTCCTTATGCTCCGG
CCGGAGCATAAGGAATGCCCAAACCTTCCTGAC
WESL CAGGAAGGTTTGGGCCTGCCTTATGCTCCG
CGGAGCATAAGGCAGGCCCAAACCTTCCTG
WeEM GTCAGGAAGGTTTGGGCATGCCTTATGCTCCG
CGGAGCATAAGGCATGCCCAAACCTTCCTGAC
WE6S GTCAGGAAGGTTTGGGCAGCCCTTATGCTCCG
CGGAGCATAAGGGCTGCCCAAACCTTCCTGAC
WESN GTCAGGAAGGTTTGGGCAACCCTTATGCTCCG
CGGAGCATAAGGGTTGCCCAAACCTTCCTGAC
W60 GTCAGGAAGGTTTGGGCCAGCCTTATGCTCCG
CGGAGCATAAGGCTGGCCCAAACCTTCCTGAC
WESC CAGGAAGGTTTGGGCTGCCCTTATGCTCC
GGAGCATAAGGGCAGCCCAAACCTTCCTG
WESG CAGGAAGGTTTGGGCGGCCCTTATGCTCCG
CGGAGCATAAGGGCCGCCCAAACCTTCCTG
WesP CAGGAAGGTTTGGGCCCGCCTTATGCTCCG
CGGAGCATAAGGCGGGCCCAAACCTTCCTG
WER CAGGAAGGTTTGGGCCGCCCTTATGCTCCG
CGGAGCATAAGGGCGGCCCAAACCTTCCTG
WeSH GTCAGGAAGGTTTGGGCCATCCTTATGCTCCGG
CCGGAGCATAAGGATGGCCCAAACCTTCCTGAC
WeSK GTCAGGAAGGTTTGGGCAAACCTTATGCTCCGG
CCGGAGCATAAGGTTTGCCCAAACCTTCCTGAC
We6D GTCAGGAAGGTTTGGGCGATCCTTATGCTCCGG
CCGGAGCATAAGGATCGCCCAAACCTTCCTGAC
WEGE GTCAGGAAGGTTTGGGCGAACCTTATGCTCCGG
CCGGAGCATAAGGTTCGCCCAAACCTTCCTGAC
o6 GTCAGGAAGGTTTGGGCTTTCCTTATGCTCCGG
We6F CCGGAGCATAAGGAAAGCCCAAACCTTCCTGAC
WesT® GTCAGGAAGGTTTGGGCACCCCTTATGCTCCGG
66 CCGGAGCATAAGGGGTGCCCAAACCTTCCTGAC
ey GTCAGGAAGGTTTGGGCTATCCTTATGCTCCGG
CCGGAGCATAAGGATAGCCCAAACCTTCCTGAC
W100A CTTATCTTTGCCCAGCTAGCGCACATGGGACGTATGGTG
CACCATACGTCCCATGTGCGCTAGCTGGGCAAAGATAAG
W100F CTTATCTTTGCCCAGCTATTTCACATGGGACGTATGGTG
CACCATACGTCCCATGTGAAATAGCTGGGCAAAGATAAG
H128A GCACCCGGATTGGGGGCGACCTATGATGGTAAAAAG
CTTTTTACCATCATAGGTCGCCCCCAATCCGGGTGC
H128F CCCGGATTGGGGTTTACCTATGATGGTAAAAAG

CTTTTTACCATCATAGGTAAACCCCAATCCGGG
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H172A GATGGCGTACAGATCGCGGCCGCTAATGGT
ACCATTAGCGGCCGCGATCTGTACGCCATC
H172F GATGGCGTACAGATCTTTGCCGCTAATGGT
ACCATTAGCGGCAAAGATCTGTACGCCATC
N1TSA CAGATCCATGCCGCTGCGGGTTATTTGATTGACG
CGTCAATCAAATAACCCGCAGCGGCATGGATCTG
NL75E CAGATCCATGCCGCTTTTGGTTATTTGATTGACG
CGTCAATCAAATAACCAAAAGCGGCATGGATCTG
a CATGCCGCTAATGGTGCGTTGATTGACGAATTTA
Y177A TAAATTCGTCAATCAACGCACCATTAGCGGCATG
VITTW CATGCCGCTAATGGTTGGTTGATTGACGAATTTA
TAAATTCGTCAATCAACCAACCATTAGCGGCATG
1231A CACCGAATGGTGAAGCGCAGGGGACGGTTGATAG
CTATCAACCGTCCCCTGCGCTTCACCATTCGGTG
1231F GGTTATCACCGAATGGTGAATTTCAGGGGACGGTTGATAGTC
GACTATCAACCGTCCCCTGAAATTCACCATTCGGTGATAACC
02324 CGAATGGTGAAATAGCGGGGACGGTTGATAGTC
GACTATCAACCGTCCCCGCTATTTCACCATTCG
o20F CACCGAATGGTGAAATATTTGGGACGGTTGATAGTCATCCCG
Q CGGGATGACTATCAACCGTCCCAAATATTTCACCATTCGGTG
RIBIA GCCTTTTTAGGGATGGCGGAAGGGGCTGTTGATGGC
GCCATCAACAGCCCCTTCCGCCATCCCTAAAAAGGC
ROB1F GATATTGCCTTTTTAGGGATGTTTGAAGGGGCTGTTGATGGCACC
GGTGCCATCAACAGCCCCTTCAAACATCCCTAAAAAGGCAATATC
F260A GGGCTGTTGATGGCACCGCGGGCAAAACAGATCAG
CTGATCTGTTTTGCCCGCGGTGCCATCAACAGCCC
Eo60W GGCTGTTGATGGCACCTGGGGCAAAACAGATCAG
CTGATCTGTTTTGCCCCAGGTGCCATCAACAGCC
WaA2A CAAAGATGTGATTGAGACTGCGTATACCCAAACCCCCAAG
CTTGGGGGTTTGGGTATACGCAGTCTCAATCACATCTTTG
- GATGTGATTGAGACTTTTTATACCCAAACCC
GGGTTTGGGTATAAAAAGTCTCAATCACATC
Vaa3A GATGTGATTGAGACTTGGGCTACCCAAACCCCCAAG
CTTGGGGGTTTGGGTAGCCCAAGTCTCAATCACATC
V33w GATGTGATTGAGACTTGGTGGACCCAAACCCCCAAG

CTTGGGGGTTTGGGTCCACCAAGTCTCAATCACATC

®These mutations were obtained from previous work."

Table 5: List of utilized forward and reverse primers for the creation of site-directed mutants in the

oyel wild-type gene as used in the supervised Bachelor thesis of F. Dehli.

148

mutation

forward primer (5°>3°) /
reverse primer (5°=2>37)

T37A

GATTCCGCCGCTGGCGCGCATGCGCGCG
CGCGCGCATGCGCGCCAGCGGCGGAATC

T37F

GTGATTCCGCCGCTGTTTCGCATGCGCGCGC
GCGCGCGCATGCGAAACAGCGGCGGAATCAC

GT72A

CCATGATTATTACCGAAGCGGCGTTTATTAGCCCG
CGGGCTAATAAACGCCGCTTCGGTAATAATCATGG

GT72F

CCATGATTATTACCGAATTTGCGTTTATTAGCCCGC
GCGGGCTAATAAACGCAAATTCGGTAATAATCATGG

Y82A

CAGGCGGGCGGCGCGGATAACGCGCCG
CGGCGCGTTATCCGCGCCGCCCGCCTG

Y82W

CAGGCGGGCGGCTGGGATAACGCGCCG
CGGCGCGTTATCCCAGCCGCCCGCCTG
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TGTGTGGGTGCAGCTGGCGGTGCTGGGCTG

WI116A
CAGCCCAGCACCGCCAGCTGCACCCACACA
WLL6F CTTTGTGTGGGTGCAGCTGTTTGTGCTGGGCTGGGC
GCCCAGCCCAGCACAAACAGCTGCACCCACACAAAG
Q147A GTTTATGGATGCGGAAGCGGAAGCGAAAGCG
CGCTTTCGCTTCCGCTTCCGCATCCATAAAC
Qu47F CGTGTTTATGGATGCGGAATTTGAAGCGAAAGCGAAAAAAGC
GCTTTTTTCGCTTTCGCTTCAAATTCCGCATCCATAAACACG
H1S1A GATGGCGTGGAAATTGCGAGCGCGAACGGCTAT
ATAGCCGTTCGCGCTCGCAATTTCCACGCCATC
H191F GATGGCGTGGAAATTTTTAGCGCGAACGGC
GCCGTTCGCGCTAAAAATTTCCACGCCATC
N194A GAAATTCATAGCGCGGCGGGCTATCTGCTG
CAGCAGATAGCCCGCCGCGCTATGAATTTC
N194F GGAAATTCATAGCGCGTTTGGCTATCTGCTGAAC
GTTCAGCAGATAGCCAAACGCGCTATGAATTTCC
V196A TAGCGCGAACGGCGCGCTGCTGAACCAG
CTGGTTCAGCAGCGCGCCGTTCGCGCTA
V196F CATAGCGCGAACGGCTTTCTGCTGAACCAGTTTC
GAAACTGGTTCAGCAGAAAGCCGTTCGCGCTATG
V196W GCGCGAACGGCTGGCTGCTGAACCAGTTTC
GAAACTGGTTCAGCAGCCAGCCGTTCGCGC
F250A GAGCCCGTATGGCGTGGCGAACAGCATGAGC
GCTCATGCTGTTCGCCACGCCATACGGGCTC
F250W GAGCCCGTATGGCGTGTGGAACAGCATGAGCG
CGCTCATGCTGTTCCACACGCCATACGGGCTC
N251A CGTATGGCGTGTTTGCGAGCATGAGCGGCG
CGCCGCTCATGCTCGCAAACACGCCATACG
N251F CGTATGGCGTGTTTTTTAGCATGAGCGGCGGCG
CGCCGCCGCTCATGCTAAAAAACACGCCATACG
V288A GCGTTTGTGCATCTGGCGGAACCGCGCGTG
CACGCGCGGTTCCGCCAGATGCACAAACGC
V288F GCGTTTGTGCATCTGTTTGAACCGCGCGTG
CACGCGCGGTTCAAACAGATGCACAAACGC
F296A GCGTGACCAACCCGGCGCTGACCGAAGGC
GCCTTCGGTCAGCGCCGGGTTGGTCACGC
F206W GCGTGACCAACCCGTGGCTGACCGAAGGC
GCCTTCGGTCAGCCACGGGTTGGTCACGC
F374A GATCGCGATACCGCGTATCAGATGAGCGCG
CGCGCTCATCTGATACGCGGTATCGCGATC
F374W GATCGCGATACCTGGTATCAGATGAGCGCG
CGCGCTCATCTGATACCAGGTATCGCGATC
Y37TEA GATCGCGATACCTTTGCGCAGATGAGCGCGC
GCGCGCTCATCTGCGCAAAGGTATCGCGATC
GATCGCGATACCTTTTGGCAGATGAGCGCGC

Y375W

GCGCGCTCATCTGCCAAAAGGTATCGCGATC
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Primers applied for iterative site-saturation mutagenesis:

Primers containing degenerate NNK codons were used for semi-rational iterative

site-saturation mutagenesis (Table 6).
Table 6: List of utilized forward and reverse primers for the creation of semi-rational

site-saturation mutants in the ncr wild-type gene using NNK codon degeneracy. X refers to one of
the 20 canonical proteinogenic amino acids.

mutation forward primer (5°=>3) /
reverse primer (5°2>3°)

WE6X GTCAGGAAGGTTTGGGCNNKCCTTATGCTCCGG
CCGGAGCATAAGGMNNGCCCAAACCTTCCTGAC

CATGCCGCTAATGGTNNKTTGATTGACGAATTTA

Y177x TAAATTCGTCAATCAAMNNACCATTAGCGGCATG
1231x CACCGAATGGTGAANNKCAGGGGACGGTTG
CAACCGTCCCCTGMNNTTCACCATTCGGTG

Foox GCTGTTGATGGCACCNNKGGCAAAACAGATCAG
CTGATCTGTTTTGCCMNNGGTGCCATCAACAGC

Primers for Gibson assembly:
Custom primers for inserting an N-terminal poly-Hisg tag into the pDHE_ncr plasmid
(chapter 2.1.6) were designed by following instructions of the SnapGene 3.1.4 software
from GSL Biotech (Chicago, USA) available at ‘snapgene.com’ (Table 7).

Table 7: Designed Gibson assembly primers for inserting an N-terminal poly-Hisg tag into the
pDHE_NCR gene.

forward primer (5°>3°)/

name .
reverse primer (5°=2>3°)

NCRHis from pET28 CGCCAAAACAGCCGGTACCCTCAATCCCCAAGCAAAGGA
- P CTTAAGAAGGAGATATACATATGGGCAGCAGCCATCATCA

DHE linearization ATCCTTTGCTTGGGGATTGAGGGTACCGGCTGTTTTGG
P - TGATGATGGCTGCTGCCCATATGTATATCTCC

Sequencing primers:
Commercial GATC Biotech AG (Konstanz, Germany) sequencing service was used. If
applicable, genes were sequenced by application of GATC in-house primers. In this
regard, T7 and pET-RP primers were used for sequencing genes contained in pET
vector systems, while pGL3-1 and pTI2-1-2 primers were used for sequencing genes
contained in pDHE vector systems (Table 8). Due to gene length, sequencing of the

AacSHC gene required an additional custom-made primer called In_Primer.
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Table 8: The Primers that were used for gene sequencing.

name primer (5°23)
T7 TAATACGACTCACTATAGGG
pPET-RP CTAGTTATTGCTCAGCGG
pGL3-1 GAGCTGACTGGGTTGAAG
pTI2-1-2 GCGTTTCACTTCTGAGTTCG

In_Primer CGCTGAGCATTGTGATGAGCCGC

2.1.4 Strains

For DNA cloning and mutagenesis using genes in pET-28a(+) or pET-22b(+) vectors
either the E. coli XL-1Blue or the E.coli DH5a strain was applied. The E. coli
BL21(DE3) strain was subsequently used as gene expression strain for protein
production. In contrast, the E. coli TG20+ strain was applied for cloning, mutagenesis
as well as expression of genes contained in the pDHE vector system.

Available stock solutions of listed strains at the IBTB, department of Technical
Biochemistry (University of Stuttgart) were used to produce corresponding competent
cells.

The E.coli TG20+ strain was initially provided by the BASF SE company
(Ludwigshafen, Germany). The strain is based on the commercial TG1 strain'*® and
contains additional features. E. coli TG20+ is deficient of L-rhamnose isomerase. Thus,
it does not metabolize rhamnose making the strain amenable towards rhamnose-induced
promotors. In fact, the isomerase gene is replaced by a tetracycline resistance gene. In
addition, the strain contains two gene deletions Ayahk™ and Ayisb™ both encoding for
unspecific E. coli dehydrogenases.™® The E. coli TG20+ strain also incorporates the two

chaperone plasmids pHSG and pAgro4 (chapter 2.1.6).

2.1.5 Antibiotics

For strains containing the pDHE vector, ampicillin was applied with a working
concentration of 100 pg/mL. For pET-28a(+) vector constructs, kanamycin with
50 pg/mL working concentration was utilized. Respective aqueous stock solutions were

stored at -20 °C. Spectinomycin was applied with a working concentration of 50 pg/mL,
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chloramphenicol with 5 pg/mL and tetracycline with 15 pg/mL. While the three
beforehand mentioned antibiotics were added as aqueous 1000x stock solutions,
tetracycline was added as 5 mg/mL stock solution dissolved in 70 % ethanol and

chloramphenicol as 1000x stock solution dissolved in pure ethanol.

2.1.6 Plasmids

During the scope of the presented thesis several plasmids were either used or produced
(Table 9-10). Construction of the pET-28a(+) plasmid containing the ncr wild-type gene
from Zymomonas mobilis with an N-terminal poly-Hiss tag is described elsewhere.’
The pDHE vector containing the oyel gene from Saccharomyces pastorianus was

obtained from an IBTB in-house plasmid library.

Table 9: List of pET-28a(+) vectors containing the ncr gene from Zymomonas mobilis with an
N-terminal poly-Hisg tag with one of the listed ncr mutations.

T25A T25F A56G AS6F W66A
W66V Weel We6L W66M W66S
W66N W66Q W66C W66G W66P
W66R W66H W66K W66D W66E
We6F weeT? weeY? W100A W100F
H128A H128F H172A H172F N175A
N175F Y177A% Y177W 1231A 1231F
Q232A Q232F R261A R261F F269A
F269W W342A W342F Y343A Y343W
W66A/T25A W66A/T25F W66A/A56G W66A/AS6F W66A/W100A
W66A/W100F W66A/H128A W66A/H128F WE6A/H172A W66A/H172F
WB6A/N175A W66A/N175F WE6A/Y177A WE6A/Y177W WE6A/1231A
W66A/I231F W66A/Q232F W66A/R261A W66A/R261F W66A/F269A
W66A/F269W WE6A/W342A W66A/W342F W66A/Y343A WE6A/Y343W

loop 6* WE6A°

®These mutations were contained from previous work."

® Loop 6* corresponds to the exchange of NCR amino acids T268-F269 against OYE1 N295-E302
(amino acid sequence NPFLTEGE) as described elsewhere.”

Additionally, the W66A mutation comprising ncr gene contained in the pDHE vector
system without N-terminal poly-Hiss tag was generated. The vector construct
pDHE_ncr containing an N-terminal poly-Hisg tag was constructed in the course of
combinatorial iterative site-saturation by Gibson assembly (chapter 2.2.5).



2. Materials and methods 38

Table 10: List of pDHE vectors that contain the oyel gene from Saccharomyces pastorianus. The
genes do not incorporate a poly-Hisg tag. All genes were prepared in the scope of the supervised Bachelor
thesis of F. Dehli.**®

T37A T37F G72A G72F Y82A
Y82W W116A W116F Ql47A Q147F
H191A H191F N194A N194F Y196A
Y196F Y196W F250A F250W N251A
N251W V288A V288F F269A F269W
F374A F374W Y375A Y375W

Throughout the performed site-saturation screening, several hits have been selected for

plasmid isolation and sequencing (Table 11).
Table 11: List of pDHE vectors containing the ncr gene from Zymomonas mobilis with an

N-terminal poly-Hiss tag and one of the listed ncr mutations. A selection of mutations beneficial for
an increased R-selectivity in the citral reduction is presented.

WG66A W66A/1231P W66A/I1231R W66A/1231W W66A/1231Y
W66A/1231K W66A/1231D W66A/1231H W66A/1231L WE6A/Y177A
W66A/Y177T WG66A/Y177N W66A/Y177H WG66A/Y177D W66A/Y177M
W66A/Y177C WG66A/F269S W66A/F269C W66A/F269L W66A/F269K
WG66A/F269V WG66A/F269G WG66A/1231P/F269V W66A/1231P/F269H W66A/1231P/F269Q

W66A/1231P/F269P W66A/1231P/F269Y W66A/I1231P/Y177R W66A/1231P/Y177K W66A/I1231P/Y177F

W66A/1231R/F269V  W66A/1231P/F269V/Y177D

Regarding squalene-hopene cyclases, several variants from previous studies have been

assessed in this work (Table 12).

Table 12: List of pET-22b(+) vectors containing the shc gene from Alicyclobacillus acidocaldarius
and one of the listed shc mutations. All genes were obtained from an IBTB in-house plasmid library.

wild-type® D376A" 1261A% A419G/Y420A° A419G/Y420C"

A419G/Y420G" A419G/G600A° Y420A/G600A° Y420C/G600A” Y420G/G600A"

A419G/Y420A/GB00A°  A419G/Y420C/GB00A"  A419G/Y420G/GB00A”

2 Plasmids were generated during the PhD thesis of Dr. Stephan Hammer.**®
®Plasmids were generated during the PhD thesis of Dr. Silke Bastian.'?

Both, the pET-28a(+) and the pET-22b(+) plasmid contain a lac operon, a T7 promoter
and a multiple cloning site (Figure 21 A and B). While the first vector contains a
kanamycin resistance (Kan), the second contains an ampicillin resistance (Amp). The
pDHE plasmid is derived from the pJOE2702 plasmid, which is a pBR322 descendant
(Figure 21 C).2®*%%2 |t contains an ampicillin resistance (Amp), a rhamnose promoter
(rhaB), diverse restriction sites, a basis of mobility region (bom) for horizontal gene

transfer and a rop site for low copy maintenance.
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Figure 21: Vector systems used for cloning and expression of ERED and SHC genes; A) map of
PET-28a(+) containing a kanamycin resistance, a lac operon, a T7 promoter and the displayed restriction
sites; B) map of pET-22b(+) containing an ampicillin resistance, a lac operon, a T7 promoter and the
displayed restriction sites; C) exemplary map of pDHE_NCR containing an ampicillin resistance, a
rhamnose promoter and the displayed restriction sites; the pDHE vector map was generated using the

SnapGene 3.1.4 software from GSL Biotech (Chicago, USA) available at ‘snapgene.com’.

The plasmids pAgro and pHSG contain genes for GroES/GroEL chaperonins, a lac

operon and a gene for the laclq repressor.®* Furthermore, pAgro contains a

spectinomycin and pHSG a chloramphenicol resistance gene.

2.1.7 Buffers and media

Molecular biology and expression:

DNA- and RNA-free sterile ddH,O obtained by Milli-Q® Integral Water Purification

System (Merck Millipore, Billerica, USA) was used.
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10x PCR buffer for KOD Hot Start polymerase (Sigma-Aldrich, St. Louis, USA) and
10x PfuUltra Il reaction buffer (Agilent Technologies, Santa Clara, USA) were used as

received from the supplier.

3 % (w/v) Agarose gel was produced by dissolving 3 g Agarose NEEO Ultra Quality in
300 mL TAE buffer by microwave heating. After complete dissolution, 3 uL Midori
Green were added to 50 mL agarose gel, mixed gently and subsequently poured into an
agarose gel chamber for hardening. Before hardening, a comb was added for pocket

formation.

TAE buffer (50x) 5x DNA loading buffer

Tris acetate (pH 8.0) 2M sucrose 2g
EDTA 100 mM Orange G 10 mg
ddH.0 fillupto5mL
Tfbl buffer Tfbll buffer
KACc 0.59¢ MOPS 021g
RbCI 2429 RbCI 0.12¢g
CaCl, 0.29¢g CaCl, 1l1g
MnCl, « 4 H,O 20g glycerol 15mL
glycerol 30 mL ddH,0 fill up to 200 mL
ddH,0 fill up to 200 mL pH 6.5 with 1 M NaOH

pH 5.8 with 1 % acetic acid

Sterile filtration (0.45 uM)

Sterile filtration (0.45 uM)

The following media were sterilized at 121 °C and 1.3 bar for 20 min.

LB medium (per liter)

LB agar plate medium (per liter)

NaCl 5¢g NaCl 5¢g
yeast extract 59 yeast extract 50
tryptone 10g tryptone 109
ddH,0 1000 mL agar-agar 159

ddH,0 1000 mL

Desired antibiotics were only added to media
<50 °C. Dissolved LB agar plate medium was
poured into Petri dishes for hardening and
afterwards stored at 4 °C.
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TB medium (per liter) phosphate buffer (per 500 mL)

tryptone 12¢g KH,PO, 1157 ¢
yeast extract 249 K;HPO, 62.70 g
glycerol 4 mL ddH,0 500 mL
ddH,0 900 mL pH 7 with HCI (37 %)

phosphate buffer 100 mL

TB medium and phosphate buffer were sterilized separately to hinder phosphate precipitation.

SOC medium (per 100 mL) 5x 1SO reaction buffer

tryptone 29 25 % (w/v) PEG-8000 15¢
yeast extract 05¢g 500 mM Tris-HCI (pH 7.5) 3mL
1 M NacCl (final: 10 mM) 1mL 50 mM MgCl, 150 pL
1 M KClI (final: 2.5 mM) 0.25mL 50 mM DTT 300 pL
1 M MgCl; (final: 10 mM) 1mL 1 mM dNTP mix 240 pL
1 M MgSO; (final: 10 mM) 1mL 5 mM NAD 300 pL
1 M glucose (final: 20 mM) 2mL

ddH20 fill up to 100 mL

Protein purification:

For affinity chromatography protein purification 50 mM Tris-HCI (pH 7.5) buffers with
varying imidazole concentrations, namely 0 mM, 5 mM, 10 mM, 50 mM and 300 mM

were used.

Several surfactant-containing buffers as listed in the following were applied for

purification of squalene-hopene cyclases.

lysis buffer (per liter) solubilization buffer (per liter)

citric acid (final: 200 mM) 3849 citric acid (final: 60 mM) 1159
EDTA (final: 0.1 mM) 37 mg detergent (final: 1 % (w/v)) 109
pH 6 with 1 M NaOH pH 6 with 1 M NaOH

regeneration buffer (per liter) wash buffer (per liter)

citric acid (final: 12 mM) 231g citric acid (final: 12 mM) 231g
NaCl (final: 500 mM) 29.22¢g detergent (final: 0.1 % (w/v)) 1lg
detergent (final: 0.1 % (w/v)) lg pH 6 with 1 M NaOH

pH 6 with 1 M NaOH
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elution buffer (per liter)

citric acid (final: 12 mM)
NaCl (final: 200 mM)
detergent (final: 0.1 % (w/v))

pH 6 with 1 M NaOH

2314
11.69 g

1g

Regarding above mentioned lysis, solubilization, regeneration, wash and elution buffer: Triton X-100 or
CHAPS were used as detergent. As described in the results part, the detergent concentration was varied in
some experiments (chapter 3.2.1). The buffers were filled up with ddH,0.

SDS gels:

running gel 12 % (20 mL)

stacking gel 5 % (4 mL)

ddH.0

30 % acrylamide mix
1.5 M Tris-HCI (pH 8.8)
10 % SDS (aq.)

10 % APS (aq.)
TEMED

6.6 mL
8.0 mL
5.0mL
0.2mL
0.2mL

8 uL

ddH,0 2.7mL
30 % acrylamide mix 0.67 mL
1 M Tris-HCI (pH 6.8) 0.5mL
10 % SDS (aq.) 40 L
10 % APS (aq.) 40 L
TEMED 4L

First, the running gel was prepared and poured for hardening directly after final APS addition.
Afterwards, stacking gel was poured on top accordingly followed by comb addition for pocket formation.

At a later stage of the thesis, commercially available ExpressPlus™ PAGE Gels (ready-

to-use SDS-PAGE gels) from Genscript Biotech Corp. (Hongkong, China) were applied

according to manufacturer’s instructions including Tris-MOPS SDS running buffer
powder. The Mini-PROTEAN® Tetra system from Bio-Rad Laboratories Inc.
(Hercules, USA) was used for performing the SDS-PAGE.

Lammli loading buffer (20 mL)

5x SDS gel running buffer (2 L)

1 M Tris-HCI (pH 6.8)
MgCl,

glycerol

SDs

bromophenol blue
DTT

ddH0

2mL
190 mg
1mL
08¢
2mg
0.31g

fill up to 20 mL

Tris 309
glycerol 144 g
SDS 10g
ddH,0 fillupto2 L
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staining solution (per liter) destaining solution (per liter)

Coomassie®-Blue G-250 60-80 mg methanol 300 mL
30 % HCI (aq.) 35 mM acetic acid, 100 % 100 mL
ddH,0 1L ddH,0 600 mL

Biotransformations:

Elution buffer used for squalene-hopene cyclase purification as described above was
also used as reaction buffer for any reaction applying squalene-hopene cyclase
including all cascade reactions that were conducted concurrently with EREDs.

ERED reactions were either carried out in 12 mM citrate buffer (pH 6) or in 50 mM
MES/KOH buffer (pH 6.8).
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2.2 Molecular biology

2.2.1 Standard procedures

Agarose gel electrophoresis

The method was used to separate DNA and to qualitatively assess their amount. Gene
Ruler™ 1 kb Prestained DNA Ladder was used as marker. Marker (5 uL) and samples
mixed with 5x DNA loading buffer (5-25 pL) were loaded on a hardened agarose gel
(chapter 2.1.7) that was overlaid with 1x TAE buffer beforehand. A voltage was applied
to the gel for 45 min (120 mV) in TAE buffer. DNA visualization was accomplished by
UV light.

DNA clean-up procedures

Different DNA clean-up procedures were utilized in this thesis: i) the DNA Clean &
Concentrator™-5 kit (ZYMO Research Corp, Irvine, USA) was used to clean DNA
fragments according to the manufacturers instruction, except an additional
centrifugation step after the last washing step and before elution. DNA was eluted with
10 pL ddH,0; ii) nitrocellulose membranes (0.025 um VSWP02500, Merck Millipore,
Billerica, USA) were used to purify DNA by means of dialysis. The membrane was
placed carefully on top of a ddH,O reservoir and 10-20 uL. DNA-containing sample
were added as one drop on top of the membrane. After 20 min up to 15 pL purified
DNA was used subsequently; iii) DNA was isolated after separation by gel
electrophoresis cutting out the band of interest and applying the Zymoclean™ Gel DNA
Recovery Kit (ZYMO Research Corp, Irvine, USA) according to the manufacturer’s
instruction; iv) plasmid DNA was purified from cell pellets by the application of the
Zyppy™ Plasmid Miniprep Kit (ZYMO Research Corp, Irvine, USA) according to the
manufacturer’s instruction, except a prolonged centrifugation after neutralization for
10 min and an additional centrifugation step after the last washing step and before
elution. DNA was eluted with 30 pL ddH-O.

Concentration determination

DNA concentration and purity were determined using a Nanodrop ND 1000
Spectrophotometer (Agilent Technologies, Santa Clara, USA). 1 pyL per sample was
transferred onto the spectrophotometer.
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DNA sequencing

Commercial GATC Biotech AG (Konstanz, Germany) sequencing service was used.
20 pL of a 30-50 ng/pL purified DNA sample were sent.

Cell growth monitoring

Cell growth was monitored by measuring optical density (OD) values at 600 nm using a
Amersham Biosciences Ultrospec 3100 pro UV/VIS-spectrometer (GE Healthcare,
Chicago, USA).

2.2.2 Preparation of competent cells

Competent cells were evaluated before use by transforming them with an appropriate

positive control and ddH-,O as negative control.

RbCI competent cells

RbCI competent cells were prepared for transformation of cells with plasmid DNA by
heat-shock. After inoculation of a LB preculture over night at 37 °C and 180 rpm with
the desired E. coli strain (DH5a, XL1-Blue or BL21(DE3)), a 200 mL LB culture was
inoculated with 1 mL of the preculture. Cell growth was maintained at 37 °C and
180 rpm until an OD value of 0.5-0.7 (chapter 2.2.1). In the following, the culture was
first cooled on ice for 15 min and afterwards centrifuged for 10 min at 3220 rpm and
4 °C. Isolated pellet was resuspended gently in 20 mL Tfbl buffer, the solution cooled
on ice for 15 min, centrifuged as before and the newly obtained pellet gently
resuspended in 2 mL Tfbll buffer. Again, the solution was cooled on ice for 15 min
before finally shock-frosting 50 puL aliquots with liquid nitrogen that were stored
at -80 °C.

Electrocompetent cells

Electrocompetent E. coli TG20+ cells were prepared for transformation of cells with
plasmid DNA by electroporation. The preparation made use of the strain’s inherent
tetracycline resistance and ensured the essential cooling chain maintenance. After
inoculation of a LB preculture over night at 37 °C and 200 rpm with the E. coli TG20+
strain, a 500 mL LB culture was inoculated to an OD value of 0.05. Cell growth was

maintained at 37 °C and 200 rpm until achieving an OD value of 0.5-0.7. In the
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following, the culture was first cooled on ice for 30 min with repeated slow hand-
shaking and afterwards centrifuged for 10 min at 7800 rpm and 4 °C. First, the isolated
pellet was resuspended gently in 5 mL ice-cold ddH,O, filled up to 500 mL with ddH,O
and centrifuged as before. Secondly, the obtained pellet was gently resuspended in 5 mL
ice-cold ddH-0, filled up to 250 mL with ddH,O and centrifuged as before. Third, the
obtained pellet was gently resuspended in 5 mL ice-cold 10 % (v/v) glycerol, filled up to
25 mL with 10 % (v/v) glycerol and centrifuged as before. Finally, the pellet was
resuspended in 2 mL 10 % (v/v) glycerol before shock-frosting 50 pL aliquots with
liquid nitrogen that were stored at -80 °C.

2.2.3 Cell transformation

Heat-shock transformation

Depending on the material source, 1-10 pL of purified DNA (linear or cyclic) was
added to a 50 pL aliquot of RbCl competent cells (chapter 2.2.2) thawed on ice and then
incubated for 30 min on ice before the heat-shock was performed at 42 °C for
45-60 seconds. After immediate cooling on ice for 2-3 min, the cells were mixed with
500 pL LB medium and cell growth was stimulated at 37 °C and 180 rpm for 45 min. A
100 pL fraction of the obtained solution was plated on LB agar plates directly. From the
residual solution cells were harvested by centrifugation for 1 min at 7000 rpm and 4 °C,
resuspended in 100 pL of the supernatant and plated completely on an additional LB
agar plate. All plates were incubated overnight at 37 °C. To select for cells with
successful DNA uptake, LB agar plates contained antibiotic according to the resistance
gene encoded by the utilized DNA (pET-22b(+) vector: ampicillin, pET-28a(+) vector:
kanamycin; pDHE vector: ampicillin).

Electroporation

Depending on the material source, 1-10 pL of purified DNA (linear or cyclic) was
added to a 50 pL aliquot of electrocompetent cells (chapter 2.2.2) thawed on ice. The
mixture was gently mixed and transferred into the bottom of a suitable electrocuvette
(2 mm gap) preventing any bubble formation before electroporation was initiated at
2.5 volts using the H132507 GenePulser™ 1652076 electroporation system from Bio-
Rad Laboratories Inc. (Hercules, USA). Immediately, 1 mL warm SOC medium

(pre-heated at 37 °C) was added and the electroporated cells were regenerated for
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30 min at 37 °C and 180 rpm. A 100 uL fraction of the obtained solution was plated on
LB agar plates directly. From the residual solution cells were harvested by
centrifugation for 1 min at 7000 rpm and 4 °C, resuspended in 100 pL of the
supernatant and plated completely on an additional LB agar plate. All plates were
incubated overnight at 37 °C. To select for cells with successful DNA uptake, LB agar
plates contained antibiotic according to the resistance gene encoded by the utilized
DNA.

2.2.4 Site-directed and site-saturation mutagenesis

Sample reaction

The QuikChange Il Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara,
USA) was used for site-directed mutagenesis or site-saturation mutagenesis (the latter
uses degenerate codons, chapter 2.1.3). First, the sample reaction was prepared
(Table 13) using complement pairs of forward and reverse primers (chapter 2.1.3).
pET-28a(+) vector containing ncr ERED gene or pDHE vector containing oyel ERED
gene served as templates for site-directed mutagenesis. pDHE vector containing ncr
ERED gene was used as template for site-saturation mutagenesis. The following
described methodological differences between mutant generation for site-directed
mutagenesis vs. site-saturation mutagenesis are the result of an optimization process
(chapter 3.1.3) aiming to generate enough mutant gene containing colonies after
transformation. The use of degenerate codons like NNK does not result in distinctly
separable genes but rather generates a mixture of all those genes. After cell
transformation, each colony contains one of those genes. For statistical reasons, the
number of colonies screened is linked to the probability of actually assessing all
possible amino acid variants (all 20 in case of NNK), which can for example be
assessed by the freely available CASTER tool from Reetz et al..!®* As applied in this
work, the screening of 95 colonies for a single NNK codon theoretically provides 95 %

coverage.
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Table 13: 50 pL sample reaction for QuikChange site-directed mutagenesis using the KOD Hot
Start DNA polymerase. The enzyme was added as last component.

components* amounts (example)
ddH,0 32uL
10x PCR buffer for KOD Hot Start polymerase 5uL
2 mM dNTP mix (final: 0.2 mM) 5uL
25 mM MgSQO, (final: 1.5 mM) 3uL
30 ng/pL template vector (final: 30 ng) lpL
10 pmol forward primer 1.5puL
10 pmol reverse primer 1.5puL
KOD Hot Start DNA polymerase 1pL

*up to 2 % (v/v) DMSO was added to the sample reaction if the
GC content of the primers exceeded 70 %

The sample reaction was performed using an appropriate thermocycler (e.g.
Mastercycler EP S from Eppendorf AG, Hamburg, Germany) with repeated heating and
cooling steps (Table 14).

Table 14: Thermocycler program that was applied to the QuikChange reaction sample. The applied

temperature and time of each step as well as the number of repeated cycles are displayed. The annealing
temperature was adapted according to the primer GC content.

step program
initial denaturation 95°C  2min 1x
denaturation 95°C 1min
annealing 50-65°C 1min 20x
elongation 72°C 3 min
final elongation 72°C 3 min 1x

Agarose gel electrophoresis

For QuikChange trouble shooting, the annealing temperature was varied as indicated or
up to 2 % (v/v) DMSO was added to the reaction samples. For evaluation of different
reactions for the same mutation, 8 puL of the reacted sample were analyzed by agarose
gel electrophoresis (chapter 2.2.1). The sample indicating highest DNA amount was

selected for further processing.
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Restriction digest

Parental methylated DNA was disposed of by addition of 1 pL Dpnl restriction enzyme
incubated for 1 h at 37 °C. For site-saturation mutagenesis additional 1 pL were added

afterwards and incubated over night at 37 °C.

DNA purification

For site-directed mutagenesis, DNA was purified by DNA Clean & Concentrator ™-5

kit, while dialysis was applied for site-saturation mutagenesis (chapter 2.2.1).

Cell transformation

RbCI competent E. coli DH5a cells or E. coli XL1-Blue cells were transformed using
10 uL of purified DNA by means of heat-shock transformation in the case of
site-directed mutagenesis, while electrocompetent E. coli TG20+ cells were transformed
using 10 pL of purified DNA by means of electroporation (chapter 2.2.3). Plasmid
isolation and sequencing followed for mutants generated by site-directed mutagenesis.
In the case of site-saturation libraries, the obtained colonies were used for direct

inoculation (chapter 2.3.1)

Plasmid isolation and sequencing

A grown colony from the incubated LB agar plates was picked to inoculate a LB
preculture containing appropriate antibiotic (chapter 2.1.5). After incubation at 37 °C
and 180 rpm overnight, the culture was centrifuged and the plasmid was isolated from
the obtained pellet using the Zyppy ™ Plasmid Miniprep Kit and subsequently sent for
sequencing to control successful mutagenesis after concentration determination by
NanoDrop (chapter 2.2.1).

2.2.5 Gibson assembly

Insert amplification and vector linearization

Gibson assembly represents an alternative for classical restriction digestion-ligation-
cloning allowing for insertion and deletion of gene fragments into a plasmid. First, two

separate polymerase chain reactions (PCR) are performed to produce amplified copies
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of the desired insert and linearized vector containing overlapping gene sequences that

are introduced by the designed primers (Table 15).

Table 15: 50 pL PCR sample reaction for amplification of the desired insert or linearization of the
vector using the PfuUltra Il Fusion HS DNA polymerase. The enzyme was added as last component.

components amounts
template DNA* 50-200 ng
10x PfuUltra 11 reaction buffer 5uL
10 mM dNTP mix 1.3puL
10 pmol forward primer* 1L
10 pmol reverse primer* 1puL
PfuUltra 1l Fusion HS DNA polymerase luL
ddH,0 fill up to 50 pL

*Template was selected according to the primers
applied (chapter 2.1.3). As two PCR reactions
are performed, suitable plasmids for insert and
vector amplification were used and four different
primers are needed in total.

The PCR reactions were performed using an appropriate thermocycler (e.g.
Mastercycler EP S from Eppendorf AG, Hamburg, Germany) with repeated heating and
cooling steps (Table 16).

Table 16: Thermocycler program that was applied to the PCR reactions for insert amplification

and vector linearization. The applied temperature and time of each step as well as the number of
repeated cycles are displayed.

step program
initial denaturation 95°C 120s 1x
denaturation 95°C  20s
annealing 60-70°C*  20s 30x
elongation 72°C 90s
final elongation 72°C 180s  1x

*Annealing temperature was applied as
suggested for primers used by the
SnapGene 3.1.4 software from GSL
Biotech (Chicago, USA) available at
‘snapgene.com’.

DNA purification

The PCR sample was separated by agarose gel electrophoresis, the DNA of interest
purified using the Zymoclean™ Gel DNA Recovery Kit and the concentration
determined by NanoDrop (chapter 2.2.1).
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Assembly reaction

The molar ratio of insert to vector should be 5:1 and can be calculated using DNA
concentrations and length (e.0. NEBioCalculator v1.7.1; source:
‘https://nebiocalculator.neb.com”). 200 ng vector DNA was used and the insert adjusted
accordingly. Assembly reaction contained 15 pL of Gibson master mix solution
(Table 17) and 5 pL of the 5:1 vector-insert mix (filled up with ddH,O if necessary) and
was initiated by incubation at 50 °C for 1h. Gibson master mix contains T5
exonuclease to generate sticky ends causing annealing of insert and vector, a

polymerase to fill up missing gaps and a ligase to combine them to a cyclic plasmid.

Table 17: Preparation of Gibson master mix.

components amounts
5 x 1SO reaction buffer 100 pL
T5 exonuclease 0.2 uL
Taq DNA ligase 50 pL
PfuUltra Il Fusion HS DNA polymerase 6.25 pL
ddH;0O fill up to 375 pL

The solution was separated in 15 pl aliquots and
stored at -20 °C for further use.

Cell transformation

RbCI competent E. coli XL1-Blue cells were transformed using 2 pL of reacted Gibson

assembly sample by means of heat-shock transformation (chapter 2.2.3).

Plasmid isolation and sequencing

A grown colony from the incubated LB agar plates was picked to inoculate a LB
preculture containing appropriate antibiotic (chapter 2.1.5). After incubation at 37 °C
and 180 rpm overnight, the culture was centrifuged and the plasmid was isolated from
the obtained pellet using the Zyppy ™ Plasmid Miniprep Kit and subsequently sent for
sequencing to control successful mutagenesis after concentration determination by
NanoDrop (chapter 2.2.1).
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2.3 Protein production and purification

Different gene expression and protein purification protocols depending on the applied
enzyme, strain and purpose were applied in this thesis. For EREDs and cyclases
different conditions and methods were necessary. In the case of EREDs, additionally
different expression systems were used, depending on the ERED-containing vector,
pET-28a(+) or pDHE. Furthermore, an expression system in 96-deep-well plates
(96-DWP) (Ritter GmbH, Schwabmiinchen, Germany) was developed for screening

larger mutant libraries.

2.3.1 Gene expression and cell harvesting

ERED gene expression using pET-28a(+) vector

All media contained kanamycin for selection purposes. RbCI competent E. coli
BL21(DE3) cells were transformed with purified pET-28a(+) vectors containing either
wild-type ncr gene from Zymomonas mobilis or variants thereof, namely all variants
created by site-directed mutagenesis with defined codon exchange (chapter 2.2.3). A
single colony or a glycerol stock solution was used to inoculate a 5 mL LB preculture
(37 °C, 180 rpm, overnight), which in turn was used to inoculate a larger TB culture
(100 or 400 mL) in a 1:5000 dilution. 500 pL of the preculture were mixed with
50 % (v/v) glycerol to prepare a glycerol cell stock solution stored at -80 °C.
Overexpression was induced by addition of IPTG (end concentration: 0.2 mM) at 30 °C
and 180 rpm after an initial cell growth stimulation at 37 °C and 180 rpm up to an
OD value of 0.5-0.7 (chapter 2.2.1). After roughly 20 h cells were harvested by
centrifugation at 8000 rpm and 4 °C for 30 min and the obtained pellet was either
further processed or stored at -18 °C.

ERED gene expression using pDHE vector

All media contained ampicillin for selection purposes and in some cases also
tetracycline, spectinomycin and chloramphenicol (the latter three were only used during
method development being omitted for later standard expression of genes encoding
enzyme variants). Electrocompetent E. coli TG20+ cells were transformed with purified
pDHE vectors containing either wild-type ncr or oyel gene from Zymomonas mobilis

and Saccharomyces pastorianus, respectively or variants thereof, namely all NCR



2. Materials and methods 53

variants created by site-saturation mutagenesis, some NCR variants created by
site-directed mutagenesis and all OYE1 variants (chapter 2.2.3). A single colony or a
glycerol stock solution was used to inoculate a 5 mL LB preculture (37 °C, 180 rpm,
overnight), which in turn was used to inoculate a larger TB culture (100 or 400 mL)
containing 0.5g/L rhamnose (overexpression inductor) in a 1:5000 dilution.
Overexpression and growth were simultaneously triggered at 37 °C and 180 rpm.
Except for the characterization of hits as described in the following expression method,
500 uL of the preculture were mixed with 50 % (v/v) glycerol to prepare a glycerol cell
stock solution stored at -80 °C for back-up. After 22-24 h cells were harvested by
centrifugation at 8000 rpm and 4 °C for 30 min and the obtained pellet was either

further processed or stored at -18 °C.

ERED gene expression using pDHE vector in 96-DWP scale

Ampicillin was used as antibiotic in all media solutions and transformation of E. coli
TG20+ cells using ncr genes modified by site-saturation mutagenesis was performed as
described in the beforehand expression method. For 95 out of 96 wells of a 96-DWP a
colony was picked and added to 1 mL LB preculture solution in each well. One well
served as negative control. To limit media evaporation, but allow for oxygen input, the
96-DWP was sealed with an air-permeable membrane and wrapped in a plastic bag
containing small punctures and a wet paper cloth beneath the plate. After incubation of
this “preculture 96-DWP” at 37 °C and 350 rpm, 50 pL of the grown preculture were
used to inoculate 950 pL per well of LB medium containing 0.5 g/L rhamnose inductor.
Growth and overexpression in the “expression 96-DWP” was stimulated under the same
conditions as the “preculture 96-DWP” was grown. For long-time storage, well per
well, 500 pL from the “preculture 96-DWP” were used to mix with 50 % (v/v) glycerol
in an additional “glycerol 96-DWP”. This stock plate was sealed with an impermeable
aluminum lid and stored at -80 °C for further use. After 22-24 h cells were harvested by
centrifugation at 4000 rpm and 4 °C for 10 min, the supernatant was discarded and the
pellet-containing 96-DWP was either further processed or stored at -80 °C.

SHC gene expression using pET-22b(+) vector

All media contained ampicillin for selection purposes. RbCl competent E. coli
BL21(DE3) cells were transformed with purified pET-22b(+) vectors containing either

wild-type shc gene from Alicyclobacillus acidocaldarius or variants thereof
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(chapter 2.2.3). A single colony was used to inoculate a 5 mL LB preculture (37 °C,
180 rpm, overnight), which in turn was used completely to inoculate a larger TB culture
(400 mL) containing 0.5 g/L lactose (dissolved by heating). After simultaneous cell
growth and gene overexpression stimulation at 37 °C and 100 rpm for roughly 20 h,
cells were harvested by centrifugation at 6000 rpm and 4 °C for 30 min and the obtained
pellet was either further processed or stored at -18 °C.

2.3.2 Cell disruption

Harvested cell pellets were resuspended in 5 mL/1 g pellet 50 mM Tris-HCI pH 7.5
buffer (for EREDs) or lysis buffer (for cyclases; chapter 2.1.7; here a spatula-tip full of
deoxyribonuclease and 10 pL/1 g pellet PMSF were added). Cell disruption was
achieved on ice by sonication for 4 min using Branson Sonifier 250 (G. Heinemann
Ultraschall- und Labortechnik, Schwébisch Gmiind, Germany). The cell debris was
pelleted by centrifugation at 17000-23000 rpm and 4 °C for 25 min. For ERED workup,
the lysate supernatant was either used for reactions, freeze-dried over night to obtain
lyophilizate or was further purified without delay. For the membrane-bound cyclase, the

supernatant was discarded and the pelleted cell debris was further processed.

2.3.3 Protein purification

Affinity chromatography

EREDs containing an N-terminal Poly-Hiss tag were purified via metal affinity
chromatography using His GraviTrap TALON columns (GE Healthcare, Chicago,
USA). Filtered solutions and buffers were used for column application. The columns
were prepared by washing with water and 50 mM Tris-HCI pH 7.5 buffer. The lysate
was filtered through a 0.45 um filter before it was poured onto the column. Elution was
performed using imidazole in rising concentrations contained in 50 mM Tris-HCI
pH 7.5 to get rid of proteins binding non-specifically to the column. First, up to 2 mL
buffer containing 5 mM and 10 mM imidazole were used, then the tagged enzyme was
eluted with 50 mM imidazole (2-4 mL). Residual binders were removed using 300 mM
imidazole and discarded. The columns were regenerated by washing with 50 mM
Tris-HCI pH 7.5, ddH,0 and 20 % ethanol in which they were stored at 4 °C. The
purified enzyme solution was concentrated and desalted with Vivaspin ultrafiltration
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spin columns (Vivaspin 10 kDa from Sartorius AG, Goéttingen, Germany) using 50 mM
Tris-HCI pH 7.5 buffer. Remaining 2-3 mL were aliquoted and stored at -18 °C for

further use.

Heat-shock and ion exchange chromatography

AacSHC is a thermostable protein and could be purified by heat-shock denaturation of
other proteins. The enzyme-containing cell debris was solubilized over night at 4 °C
with solubilization buffer (chapter 2.1.7) (1 mL/1 g pellet) using the Intelli-Mixer RM-
2M (ELMI Ltd., Riga, Latvia). Afterwards, the heat-shock was applied at 50 °C for
30 min. The treated solution was centrifuged at 23000 rpm and 4 °C for 30 min and the
supernatant was filtered (0.2 uM) before application onto ion exchange columns.
DEAE-Sephacel© was used as solid ion exchange material that was freshly packed into
a column (2-3 mL) in vacuo before use. Before addition of the filtered supernatant, the
column was washed with 5 column volumes of regeneration and wash buffer
(chapter 2.1.7). After protein binding, again 5 column volumes wash buffer were added
before elution with 2-3 column volumes using elution buffer (chapter 2.1.7). The

purified cyclase solution was stored at 4 °C for further use.

2.3.4 SDS-PAGE

Control of expression and purification was performed by SDS polyacrylamide gel
electrophoresis (PAGE). For expression, samples before and during expression
induction as well as shortly before cell harvest were taken. The pelleted samples
correlated to an optical density of 0.25 (when diluted with buffer to 1 mL) and were
resuspended in 15 puL ddH,O. Purified enzyme solutions were used directly. Each
sample was diluted appropriately to 15 pL and mixed with 15 uL L&mmli loading
buffer (chapter 2.1.7). After denaturation for 10 min at 95 °C and centrifugation,
15-30 pL of supernatant were cast onto a polyacrylamide gel (chapter 2.1.7). 5 uL
PageRuler™ Prestained Protein ladder (5 pL) was used as marker in a separate gel
pocket. The gel electrophoresis was performed at 10 mA per gel for 10 min and then
25 mA per gel for 55 min. The gel was developed by application of staining and
destaining solution (chapter 2.1.7).
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2.3.5 Determination of protein concentration

Enzyme concentrations were measured by Bradford assay.**®

For EREDs, 200 uL Coomassie®-Blue G-250 dye is added to 800 pL 1:1000-1:5000
diluted enzyme solution (with ddH,0). After a 5 min incubation time, the binding of
Coomassie to protein was determined by measuring the absorption at 595 nm. The
concentration was calculated by comparison to a calibration curve that was obtained by
measuring the absorption of BSA samples of known concentrations (10, 8, 6, 4 und
1 pg/mL). Samples were measured as triplicates.

For cyclases, the detergent-compatible BradfordUItra™ reagent was used. Protein
samples were diluted 1:10 with elution buffer. 10 pL sample were mixed with 150 pL
Bradford reagent and the absorption at 595 nm was measured immediately. The
concentration was calculated by comparison to a calibration curve that was determined
by measuring the absorption of BSA samples of known concentrations (1, 0.8, 0.6, 0.4,

0.2 and 0 mg/mL). Samples were measured as triplicates.
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2.4 Analytical biotransformations and product analysis

In the following, standard procedures for analytical biotransformations are described.
Experiments leading to those methods as well as specific analyses and unique negative
controls are mentioned in the results part. The specification of different conditions, e.g.
buffer concentrations, indicates that, depending on the purpose of the experiment,
different variations of the same method was used, which is further specified in the
related results part. Extraction of samples (chapter2.4.6) and their analysis
(chapter 2.6.1) are described in separate chapters. If not specified further, duplicate or
triplicate measurements refer to similarly, but separately prepared reaction approaches
using the same stock of either a purified enzyme preparation or the enzyme-containing

cell culture.

2.4.1 Biotransformations using purified NCR ERED

The isomers E- and Z-citral were used as substrates for all analytical biotransformations
and in some cases the isomeric mixture was utilized additionally. The 1 mL-scaled
reactions contained 2 mM substrate, 2.5 mM NADH, 1 % (v/v) DMSO and 50 pg/mL
purified enzyme solution (purity > 90 %) in 12 mM citrate buffer at pH 6. The reactions
were started by final enzyme addition and incubation at 30 °C and 180 rpm for 4 h.
Reactions were performed as triplicates and carried out in 2 mL plastic tubes.

2.4.2 Whole cell biotransformations

The isomers E- and Z-citral were used as substrates for all analytical biotransformations
and in some cases the isomeric mixture was utilized additionally. Conditions were used
for OYEL1 library screening and NCR hit characterization as mentioned accordingly.
The 1 mL-scaled reactions contained 2 mM substrate, 2.5 mM NADH, 5 % (v/v)
isopropanol and 5 g/L enzyme containing E. coli TG20+ cells resuspended in 50 mM
MES/KOH buffer at pH 6.8. The reactions were started by final substrate addition and
incubation at 30 °C and 180 rpm for 4 h. For OYEL library screening, reactions were
performed as duplicates in 2 mL plastic tubes, but active variants were rescreened in
duplicates under the same reaction conditions except using 5 mM substrate and 6 mM
NADH.
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2.4.3 96-DWP screening of NCR variants

The isomers E- and Z-citral were used as separate substrates for each screened variant.
In fact, for each “preculture 96-DWP”, two “expression 96-DWPs” have been
inoculated to enable parallel screening of both substrate isomers separately
(chapter 2.3.1). For screening, the cells from a harvested “expression 96-DWP” were
resuspended in 50 mM MES/KOH buffer at pH 6.8 containing NADH (2.5 mM final
concentration). Thus, whole cells were used for screening. The cell suspension was
transferred to a separate DWP containing glass inlets from Hirschmann Laborgeréate
GmbH & Co. KG (Eberstadt, Germany). The reaction was started by addition of citral
stock solution in isopropanol to achieve final concentrations of 2 mM substrate and
5 % (v/v) isopropanol in 500 pL total reaction volume per well. The glass inlets not only
ensured inert surrounding but also allowed for prevention of evaporation by using
tight-fitting cap mats by Hirschmann. The reactions were performed at 30 °C and
500 rpm for 4 h using the plate shaker TiMix5control equipped with a T30 Incubator
hood from Edmund Biihler GmbH (Hechingen, Germany).

2.4.4 Biotransformations using purified AacSHC

Either S-citronellal or R-citronellal was used as substrate. The 500 pL-scaled reactions
consisted of 2 mM substrate, 1 % (v/v) DMSO and 2 mg/mL purified enzyme solution
(purity > 80 %) in elution buffer (chapter 2.1.7; contains 0.2 % (w/v) Triton X-100 if not
mentioned otherwise). The reactions were started by final enzyme addition and
incubation at 30 °C and 600 rpm for 5 h or 40 h. Reactions were performed as triplicates

in 2.5 mL glass vials.

2.4.5 Biotransformation for cascade reactions

E/Z-citral was used as substrate for cascade reactions towards isopulegol using an
ERED and an SHC concurrently. For cascade evaluation, several parameters were
changed (chapter 3.2.2) in comparison to following chosen reference conditions: A
500 pL-scaled reaction in 2.5 mL glass vials contained 2 mM substrate, 1 % (v/v)
DMSO, 0.5 mg/mL purified ERED and 2.5 mg/mL purified SHC enzyme in elution
buffer. The reactions were started by final substrate addition and incubation at 20 °C
and 600 rpm for 5 h and performed as triplicates. From these experiments following so
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far optimized conditions are proposed: The 1100 pL-scaled reactions are performed in
1.1 mL glass vials and consist of 2 mM substrate, 5 % (v/v) isopropanol, 4 mg/mL
purified SHC enzyme solution and 10 g/L E. coli TG20+ cells containing ERED in
elution buffer (chapter 2.1.7). The reactions were started by final substrate addition and
incubation at 20 °C and 600 rpm for 5-20 h.

2.4.6 Extraction methods

ERED biotransformations

Biotransformation samples were extracted by thorough mixing for 10 s using two times
500 uL MTBE containing 2 mM 1-octanol as internal standard. After the two
centrifugation steps at about 13000 rpm for 2 min, first, 200 uL of the organic layer and
secondly, 400 pL were combined in a gas chromatography glass vial for further analysis
(chapter 2.6).

ERED 96-DWP screening

Biotransformation samples were extracted once by thorough mixing for 60 s using
500 uL MTBE per well. Separation of the organic layer was achieved by centrifugation
at 4000 rpm for 5 min. 150 pL of organic layer was transferred in an inlet-containing
gas chromatography glass vial for further analysis (chapter 2.6).

SHC and cascade biotransformations

Biotransformation samples were extracted by thorough mixing for 40 s using two times
500 pL ethyl acetate containing 2 mM 1-decanol as internal standard. After the two
centrifugation steps at 7000 rpm for 2 min, first, 200 uL of the organic layer and
secondly, 400 puL were combined in a gas chromatography glass vial for further analysis
(chapter 2.6).
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2.5 Preparative  biotransformation  for  (-)-menthol
synthesis

The preparation of (-)-menthol from E/Z-citral was performed in a two-step process
(Figure 22). First, (-)-isopulegol was produced in a bienzymatic cascade and
subsequently the crude reaction mixture was supplied with heterogeneous 5 % (w/w)

Pd/C catalyst and hydrogen gas for reduction to (-)-menthol.

1) 3.5 mg/mL SHC variant,
20 g/L TG20+ (contains ERED variant)
5 % (v/v) isopropanol
6.25 mM NADH
0.1 % (w/v) Triton X-100

200 mM NacCl
= 12 mM citrate buffer pH 6
x
@) Y OH

| 2) 5 % (w/w) Pd/C, H,
PN

E/Z-citral (-)-menthol

Figure 22: Preparative biotransformation of E/Z-citral to (-)-menthol. First, citral is converted in a
bienzymatic cascade of an ERED and an SHC followed by addition of 5 % (w/w) Pd/C and hydrogen gas
for final reduction to menthol.

Bienzymatic cascade

The bienzymatic cascade using ERED and SHC was carried out in 120 mL total
volume. The reaction, however, was split in six 20 mL reactions carried out in 20 mL
septum screw cap glass vials. In total, 0.6 mmol citral were used as starting material. To
19 mL elution buffer (12 mM citrate, 200 mM NaCl, 0.1 % (w/v) Triton X-100, pH 6)
containing 3.5 mg/mL AacSHC variant A419G/Y420C/G600A, 20 g/L NCR variant
WG66A/1231R/F269V comprising E. coli TG20+ cells, 6.25mM NADH and 1 mL
E/Z-citral dissolved in isopropanol (final concentrations: 5 mM citral and 5 % (v/v)
isopropanol) were added. The reaction was carried out for 22 h at 20 °C and 250 rpm
using a Multitron shaker from Infors AG (Bottmingen, Swiss). The reaction progress
was followed by taking 250 pL samples that were extracted (chapter 2.4.6) and
analyzed by gas chromatography (chapter 2.6.1).
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Hydrogenation

syringe

Schlenk line
access

Figure 23: Experimental hydrogenation setup. A 250 mL three-neck flask equipped with septum, gas
inlet adapters for Schlenk line connection and hydrogen balloon connection as well as a magnetic stirrer
were used. The reaction solution from the previous bienzymatic cascade was added using a syringe.

For the hydrogenation reaction, inert conditions within a 250 mL three-neck flask were
generated by alternating heating in vacuo and flooding with nitrogen gas for three times.
86 mg of 5 % (w/w) Pd/C suspended in 5 mL elution buffer were added under nitrogen
flow before the flask was flooded with hydrogen. Afterwards, the 120 mL crude
reaction solution from the bienzymatic cascade was added dropwise to the flask via a
septum using a syringe. The reaction was carried out under vigorous magnetic stirring
maintaining a constant hydrogen atmosphere. The reaction progress was followed by
taking 250 pL samples that were extracted (chapter 2.4.6) and analyzed by gas
chromatography (chapter 2.6.1). The reaction was finished after 44 h. The reaction
solution was filtered over celite in vacuo to remove the heterogeneous catalyst, washed
with isopropanol and water and then extracted three times with 120 mL MTBE per
extraction. Phase separation was achieved by centrifugation. Combined organic layers
were washed with brine, dried over magnesium sulfate and the solvent was removed
under reduced pressure. The raw product was purified by flash column chromatography
over silica gel using a gradient elution from pure n-heptane to a 19:1 n-heptane/ethyl
acetate mixture. Elution progress was followed by thin layer chromatography (9:1
n-heptane/ethyl acetate) using a vanillin development solution (8.6 g vanillin, 2.5 mL
sulfuric acid, 200 mL ethanol). Menthol was identified at an R; value of 0.18. After
solvent removal under reduced pressure, (-)-menthol (0.63 mg, 0.04 mmol, 6.7 % yield)
was obtained in 93 % purity (chapter 3.2.3) as colorless crystals. *H-NMR (500 MHz,
CDCls): 8 (ppm) 3.41 (td, 1H), 2.17 (sd, 1H), 1.97 (dddd, 1H), 1.66 (dddd, 1H), 1.61
(dg, 1H), 1.42 (m, 1H), 1.26 (s, OH), 1.11 (dddd, 1H), 0.98 (m, 2H), 0.92 (t, 6H), 0.81
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(d, 3H). *C-NMR (126 MHz, CDCls): 5 (ppm) 71.56, 50.14, 45.05, 34.53, 31.63, 25.84,
23.14, 22.20, 21.00, 16.10. The shifts are in accordance to literature.™™* As a side
product, 3,7-dimethyloctanol (15.5 mg, 0.1 mmol, 16.3 % yield) was obtained as
colorless oil in another fraction. *H-NMR (500 MHz, CDCls): & (ppm) 3.68 (m, 2H),
1.62 (m, 1H), 1.36-1.55 (m, 3H), 1.10-1.32 (m, 6H), 0.89 (d, 3H), 0.87 (d, 3H). *C-
NMR (126 MHz, CDCI3): & (ppm) 61.27, 40.01, 39.27, 37.38, 29.52, 27.98, 24.69,
22.70, 22.60, 19.65.
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2.6 Analytical methods

2.6.1 Gas chromatography

GC/FID

A GC-2010 gas chromatograph from Shimadzu (Kyoto, Japan) equipped with an
AOC-20i auto injector, an FID detector and either an HP-1 column (30 m x 0.25 mm
ID, 0.25 um film) from Agilent Technologies (Santa Clara, USA), a chiral -DEX 225
column (30 m x 0.25 mm ID, 0.25 pum film) from Supelco/Sigma-Aldrich (St. Louis,
USA) or a chiral HP-Chiral-20B column (30 m x 0.32 mm ID, 0.25 um film) from
Agilent Technologies was used with hydrogen as carrier gas (30 cm/s if not mentioned
otherwise). Depending on the measurement purpose and analytes used, the different
columns were used (Table 18).

Table 18: Applied GC programs for Shimadzu GC/FID with injector and FID detector

temperatures for different columns and objectives. If not mentioned otherwise the linear velocity of
the hydrogen carrier gas was 30 cm/s. Split injection mode was applied in all cases and 1 pL was injected.

column objective GC program
determination of product 60 °C for 3 min, 10 °C/min to 105 °C, hold 4.5 min, 30 °C/min to 135 °C,
Agilent HP-1  formation for citral to citronellal 50 °C/min to 325 °C, hold 2 min; injector temperature: 325 °C;
conversions FID temperature: 325 °C; split ratio 1:10

90 °C for 25 min, 50 °C/min to 220 °C, hold 3 min;
injector temperature: 220 °C; FID temperature: 230 °C; split ratio 1:20; linear
velocity of carrier gas: 40 cm/s

Supelco base-line separation of
B-DEX 225 citronellal enantiomers

Supelco rough separation of citronellal 100 °C for 8.4 min, injector temperature: 220 °C; FID temperature: 230 °C;

B-DEX 225 enantiomers for screening split ratio 1:20; linear velocity of carrier gas: 70 cm/s

HP-Chiral- enantiomer-separation for 40 °C for 5 min, 1 °C/min to 130 °C, hold 1 min, 2 °C/min to 200 °C, hold

20B isopulegol and menthol 3 min; injector temperature: 225 °C; FID temperature: 225 °C; split ratio 1:20
GC/MS

A 7890A GC/MS gas chromatograph from Agilent Technologies (Santa Clara, USA)
equipped with a 5975 series MSD mass detector (ionization by electron impact; 70 eV)
as well as an FID detector and a HP-5 column (30 m x 0.25 mm ID, 0.25 pm film) from
Agilent Technologies was used with helium as carrier gas (17.937 psi constant
pressure). The chromatograph was used with a single method for the analysis of
SHC-derived reactions (Table 19).
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Headspace measurements were performed using a GC-2010 gas chromatograph from
Shimadzu (Kyoto, Japan) equipped with a QP2010 mass spectrometer, an AOC-5000
auto injector and an FID detector and an HP-5msi column (30 m x 0.25 mm ID,
0.25 pm film) from Agilent Technologies (Santa Clara, USA). Helium served as carrier
gas (30 cm/s). Split injection mode was applied in all cases and 1 pL was injected. The
applied headspace vial was not heated before measurement.

Table 19: Applied GC/MS programs for Agilent Technologies GC/MS (first entry) and Shimadzu
GC/MS (second entry). Split injection mode was applied in all cases and 1 pL was injected.

column objective GC program
. determination of product . . . .
Agilent formation for isopuledol and 50 °C for 3 min, 6 °C/min to 120 °C, 10 °C/min to 138.5 °C, 120 °C/min to 310 °C,
HP-5 menthol puleg hold 1 min; injector temperature: 250 °C; FID temperature: 310 °C; split ratio 1:5
Agilent determination of citronellal 60 °C for 3 min, 10 °C/min to 105 °C, hold 4.5 min, 30 °C/min to 135 °C, 50 °C/min
9 . . to 285 °C, hold 3 min; injector temperature: 250 °C; ion source temperature: 200 °C;
HP-5msi in the gas phase

split ratio 1:20; headspace measurement

Quantification

Standard quantification for variant characterization was performed by comparison of
analyte and internal standard peak areas. Due to their relative nature, enantioselectivity
values were determined with suitable accuracy. In this case, product formation values
were consequently calculated relative to enzyme wild-type. For all experiments aiming
to determine non-relative product formation values, quantification was achieved by
additionally comparing to an externally measured calibration line for the analyte of
interest. For the characterization of two of the generated most R-selective ERED
variants (chapter 3.1.5), two separate cell cultures containing the respective variant were
used to independently perform reaction triplicates with each of these biological

duplicates (six reactions for each variant).

2.6.2 NMR spectroscopy

For nuclear magnetic resonance (NMR) spectroscopy experiments, an Avance 500
spectrometer from Bruker (Billerica, USA) has been used. For *H-NMR and **C-NMR
analysis, 500 MHz and 126 MHz magnetic fields were applied, respectively.
Tetramethylsilane (TMS) was added to samples as standard for calibration of chemical
shifts & in ppm with (TMS) = 0 ppm.
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2.6.3 IR spectroscopy

For infrared spectroscopy (IR) spectroscopy, a Vector 22 FT-IR spectrometer (equipped
with a MKIIl golden gate single reflection diamond ATR system) from Bruker
(Billerica, USA) has been used. The samples were analyzed as liquid films between

sodium chloride plates resulting in absorption bands presented as wave numbers (cm™).
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2.7 In silico methods

2.7.1 Molecular docking simulation

Molecular docking simulates substrate binding in a rigid protein surrounding within a
defined simulation cell. The YASARA software from YASARA Biosciences GmbH
(Vienna, Austria) was utilized to perform flexible molecular docking simulation.™
Protein templates were loaded as pdb files from solved crystal structures (NCR: 4A3U;
OYE1L: 10YA). If necessary, the software internal in silico variation tool was used to
simulate an enzyme variant. Before docking, a simulation cell was defined around the
complete protein and water was added followed by application of the YASARA energy
minimization script. After removal of water, the simulation cell was defined around the
active site cavity and docking simulation was performed by application of the
dock_run.mcr macro using VINA as docking method and the AMBERO3 force field.
Further processing of resulting substrate-enzyme complexes were performed using the
PyMOL software from Schrodinger LLC (New York, USA). The obtained binding
modes were assessed by meeting certain demands for successful catalysis known from
literature (chapter 1.3.2): The activated C=C double bond is stacked above the
hydride-donating isoalloxazine moiety of FMN and the electron withdrawing group is in
hydrogen bonding distance towards the stabilizing His/Asn pair.>*

2.7.2 Molecular dynamics simulation

Molecular dynamics simulation allows for the calculation of protein dynamics, thus side
chain and domain movements of proteins. Molecular dynamics simulations were
performed in collaboration with Dr. Wolfgang Brandt from the Leibniz Institute of Plant
Biochemistry (Halle (Saale), Germany) using the YASARA software from YASARA
Biosciences GmbH (Vienna, Austria). Protein templates were loaded as pdb files from
solved crystal structures (NCR: 4A3U; OYEL: 10YA). If necessary, the software
internal in silico variation tool was used to simulate an enzyme variant. Simulations
were either performed for single enzymes or substrate-enzyme complexes after docking
simulation as described above. Two different YASARA simulation scripts have been
used. The md_refinement.mcr macro performed a short 0.5 ns simulation and was

primarily used to allow for side chain adjustments after docking simulation. The
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md_run.mcr macro performed a 5 ns simulation and was used to simulate the effect of
amino acid variations on the active site dynamics. Both scripts simulated the complete
protein under periodic boundary conditions in aqueous solution at pH 7.4 and 298 K
(standard conditions of the macro). While the MD refinement used the YAMBERO03
force field, the MD simulation was performed with the AMBERO3 force field. Further
processing of the simulation results were performed using the PyMOL software from
Schrédinger LLC (New York, USA).

2.7.3 Semi-empirical quantum mechanics calculation

Quantum mechanics calculations solve the Schrodinger equation enabling the
calculation of electron properties that are for example completely neglected in
molecular dynamics simulations. Thus, transition states and chemical reactions can be
calculated. Semi-empirical methods make use of several empirically determined
parameters and simplifications in order to also simulate larger reaction systems like an
enzyme active site. Semi-empirical quantum mechanics calculations were performed in
collaboration with Dr. Wolfgang Brandt from the Leibniz Institute of Plant
Biochemistry (Halle (Saale), Germany). Grid calculations of two coordinates were
carried out by the use of the PM7 Hamiltonian as implemented in the MOPAC2016
(Version 16.276L, James J. P. Stewart, Stewart Computational Chemistry,
‘HTTP://OpenMOPAC.net’) program. Each grid point calculation applied MMOK
corrections and the BFGS algorithm for geometry optimization. The “Molecular
Operating Environment”, short MOE from the Chemical Computing Group (Montreal,
Canada) was used as software platform for visualization and set up of the calculations.
Atoms defining the enzymatic active site have been selected for calculation
(chapter 3.1.1). Remaining atoms were removed. Additionally, several atoms were

defined as fixed to reduce calculation effort.
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3. Results

In contrast to ‘classical’ organic chemistry, biocatalysis is a young and emerging
discipline. Due to the tremendous scientific and industrial efforts, it evolves into a
serious complement for organic chemistry.2*%%® The possibility of genetically
modifying biocatalysts has shown that enzyme preferences can be altered to overcome
existing limitations like stability, narrow reactivities, selectivities and substrate
specificities.>'® While this has been shown frequently for specific showcases, it is also
important to investigate these techniques for the synthesis of specific valuable products.
This is achieved by considering enzyme catalysis in retrosynthetic analysis to provide
certain missing reactivities or selectivities involving the adaptation opportunity by
genetic engineering. In this work, this research is expanded taking the example of the
industrially important aroma chemical (-)-menthol. In the following it is described how
the envisioned alternative chemoenzymatic synthesis of this molecule (chapter 1.7) is
realized and assessed. The first part focuses on engineering of an R-selective ERED to
provide the necessary selectivity for (-)-menthol synthesis. The second part describes
the application of this novel catalyst in a chemoenzymatic synthesis in combination
with an engineered SHC and a heterogeneous hydrogenation catalyst.

3.1 ERED engineering towards R-selective citral
reduction

The envisioned chemoenzymatic synthesis of (-)-menthol is based on an existing
large-scale industrial process, which makes use of the easily available starting material
E/Z-citral.*® One major synthetic advantage that could be achieved by the alternative use
of enzymes is based on the challenging stereochemical reduction of citral to
R-citronellal. The process requires chiral control in the reduction of both isomers of
citral, E and Z, because S-citronellal cannot be further converted to produce (-)-menthol,
which is the only diastereomer that matches consumer products demands. However, no
catalyst has yet been described to catalyze the enantioconvergent reduction of both citral
isomers to R-citronellal. It appears, though, that the market for (-)-menthol is valuable
enough to reason the energetically costly separation of citral isomers that is necessary to

apply two different homogeneous catalysts that provide the necessary chiral
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conversions. From this point of view, assessing alternative enzyme catalysts constitutes
a fascinating object of study. Although, also no enzyme has been described yet that
provides the described R-selectivity in the reduction of both isomers of citral, the
opposite reactivity to the S-enantiomer with remarkable enantioselectivity (> 99 % S) is
widespread as a classification of existent EREDs unveils (chapter 1.3.3). From these
data it is also apparent that R-selective citral reduction is in principle possible as shown
for yeast-derived reductases although only for the E-isomer. Ongoing screening and
characterization of novel EREDs would be a possible strategy to find a suitable enzyme.
But motivated by the inspiring recent advances in enzyme engineering, this work
describes a mutagenesis approach to provide the desired R-selectivity for both citral

isomers.

Finding a suitable target enzyme gene preceded the enzyme engineering strategy that is
described in the following. In principle, an ERED either belonging to the identified
type | or type Il citral reductases could serve as mutagenesis template (chapter 3.1.3).
Although type | enzymes already are partially R-selective, type Il enzymes have the
advantage that they already enable enantioconvergent reduction for both isomers. As
this is so far unachieved by any ‘classical’ chemical catalyst, this might be the more
challenging feature to address. Due to these considerations, a type Il ERED was
selected as mutagenesis target in the beginning. Thus, it might also be elucidated how
the enzyme maintains its enantioconvergent character. Regarding citral, previous studies
rendered NCR ERED from Zymomonas mobilis as efficient catalyst for the reduction to
citronellal, although it is a challenging substrate for many other EREDs.2>% Therefore,
it represents the model enzyme in this thesis. Nevertheless, an analogous mutagenesis
approach using the typel ERED OYE1l from Saccharomyces pastorianus was
performed in comparison (chapter 3.1.4). OYEL is the oldest and best characterized

ERED pl’esent,67'69'77'157

3.1.1 Characterization of NCR ERED-catalyzed citral reduction

The NCR ERED from Zymomonas mobilis was chosen for further characterization and
as mutagenesis target for the reduction of both isomers of citral (Figure 24).%°
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E/Z-citral S-citronellal

Figure 24: General reaction scheme of the NADH-dependent NCR ERED-catalyzed reduction of
E/Z-citral to S-citronellal.

In the following some experiments preceding the later on described mutagenic
approaches are described in which citral was converted using NCR wild-type. The
deliberation was to characterize some aspects of the reaction that might be crucial for
later application. For instance, important implications might derive from the molecular
nature of citral and citronellal. On the one hand both structures bear an aldehyde moiety,
which is generally a rather reactive functional group and on the other hand, both

molecules are regarded as volatile monoterpenes.

Initial reaction and analysis setup

To achieve catalysis, simple access to the catalysts is desirable. Wild-type NCR ERED
gene and all later mutants thereof were expressed in E. coli BL21(DE3). E. coli is the
most widespread applied microorganism for molecular biology applications.™®
Enzymes were readily expressed and purified by affinity chromatography
(Figure Ap. 2). Purified enzymes displayed a characteristic yellow color. Following
experiments and all later NCR-based site-directed mutagenesis approaches employed
purified enzyme preparations due to known cellular side reactions in whole cells or its

lysate (further specified in chapter 1.3.3 and chapter 3.1.3).

For a start, suitable reaction conditions for the reduction of citral using NCR ERED
were chosen on the basis of preceding projects.”*’* Due to its less polar character, the
solubility of citral in water is limited. The addition of 1 % (v/v) DMSO cosolvent was
sufficient to overcome this issue in the scope of analytical conversions using 2 mM
substrate in 1 mL reactions. NCR ERED also accepts the presence of other organic
solvents (mostly polar protic) that can be used as cosolvents.”* Furthermore, an excess
of NADH (2.5 mM) was added to prevent a limited supply of reduced enzyme. Citrate

buffer at pH 6 proved to be suitable buffer conditions for this reaction.”

The applied chromatographic methods for achiral and chiral analysis of the reduction
reactions realized a sufficient separation of educt and product peaks (Figure Ap. 3-5).
For achiral analysis, three minor additional peaks were identified close to the citronellal
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product peak. They could be ascribed to citral as they were also found in the respective
standards (including the separate isomer standards). Notably, NMR analysis of the citral
standards revealed no impurity. No hints for significant uncoupling, meaning the
ERED-catalyzed oxygen reduction to hydrogen peroxide, was found. The presence of
hydrogen peroxide would cause spontaneous Weitz-Scheffer epoxidation of citral to
form epoxides.®®> However, no epoxides were found in the NCR ERED-catalyzed

reactions.

Several control experiments were conducted in order to test if certain reaction
compounds led to background citral reduction or if other side reactivities were

observable with either citral or citronellal (Table 20).

Table 20: Conditions for negative controls performed to link citral reduction activity to the ERED
activity and to probe for side reactivities. Samples were tested as triplicates at two time points. First,
the sample was mixed and directly extracted and second, the sample was mixed, incubated for 2.5 h at
30 °C and 180 rpm and then extracted to compare the effect of reaction conditions.

probed conditions in buffer solution

citral only
citronellal only
citral and NADH (no enzyme)
citral and enzyme (no NADH)
NADH and enzyme (no substrate)
citronellal and NADH (no enzyme)
citronellal and enzyme (no NADH)

According to the above listed entries, 1 mL samples in 2 mL plastic vials
contained one or more of the following additives: 2 mM citral or 2 mM
citronellal in 12 mM citrate buffer at pH 6 with 1 % (v/v) DMSO, 2.5 mM
NADH, 10 pg/mL NCR WT.

In none of the citral-based negative controls citronellal formation was found. The
reduction depends on the NADH-driven reduction by the ERED. No side products were
identified in the samples. However, it was found that under reaction conditions after
2.5 h only a fraction of the initially used substrate amount could be identified when
compared to directly extracted samples. This was supposed to be a consequence of the
volatility of the monoterpene. This potentially volatility-derived substance loss will be

described in more detail in following experiments.

Some insights into the NCR ERED-catalyzed reduction of citral were obtained by
determining reaction progress at different time points (Figure 25). It should be noted

that each time point represents an individual triplicate analytical sample reaction.
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Figure 25: Time-dependent reduction of E/Z-citral by NCR ERED. Analytical reactions as described
in chapter 2.4.1 were performed as triplicates for each displayed time point using 2 mM substrate. The
calculated concentrations ¢ [mM] of citronellal, Z-citral and E-citral are plotted against the time t [min].

The time-dependent reduction measurements reveal that both isomers of citral are
almost completely consumed after 120 min. The Z-isomer is depleted faster than the
E-isomer. This reflects a slight preference of NCR ERED for the reduction of Z-citral,
which was described previously.® Furthermore, after 120 min a maximal product
concentration of 1.4 mM citronellal is achieved. Taking into account that for these
measurements, 10 ug/mL enzyme was used, a TOF (turnover frequency) of 1.32 s™ can
be calculated for the given substrate concentration. Moreover, the product concentration
decreases after 2 h. The mentioned volatility of citronellal or further interactions, for
instance with the protein or the reaction vessel, were considered possible causes. As this
behavior will directly affect all analytical and also preparative reactions, additional

investigations were conducted to study this depletion further.

Influence of citronellal volatility

To verify product loss due to evaporation, headspace measurement was performed after
reaction incubation for 6 h (Figure 26). It should be noted that for the headspace
measurement no preheating of the sample was conducted in order to link identified

substances in the gas phase to evaporation during the reaction.
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Figure 26: Chromatogram of a headspace measurement after reaction of citral in the presence of
NCR wild-type and NADH for 6 h under standard conditions as described in chapter 2.4.1. The
sample was not heated to account for evaporation. By its mass spectrum the sole peak could be identified
as citronellal.

Indeed, the product citronellal was found in the gas phase, while a reference blank
contained no citronellal. As citronellal has a boiling point of 208 °C and reactions were
performed at 30 °C, no boiling process explains these observations. Evaporation is a
surface effect that happens below the boiling point until the gas phase is saturated with
the evaporating substance.*! Interestingly, no citral was found in the gas phase although
it is also a volatile compound. A simple weighing experiment showed that citronellal
evaporates faster than citral (Figure Ap. 6). Both compounds were soaked on a filter
paper and the loss of weight was followed. In this open system, citronellal evaporated
four times faster than citral. In another experiment, 1 mL reactions (10 ug/mL NCR
wild-type with 2 mM E/Z-citral as described in chapter 2.4.1) in different closed
reaction vessels were compared, namely 2 mL plastic tubes (1 mL gas volume) and
5 mL glass vials (4 mL gas volume). A reaction time of 15 h was chosen assuming that
evaporation would then cause gas phase saturation. The result was that the four-fold
higher gas phase volume in the glass vials was correlated to a four-fold decrease in
citronellal concentration in the liquid phase (Figure Ap. 7). The results suggested that
evaporation is the main cause of the observed product loss and that putative other

processes are negligible (chapter 4.2.2).

Computational analysis of NCR ERED-catalyzed citral reduction

As part of this project, NCR ERED was also characterized in silico. These studies
resulted as part of a research stay at the Leibniz Institute of Plant Biochemistry in
Halle (Saale), Germany under supervision of Dr. Wolfgang Brandt. The initial
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motivation was to calculate activation barriers of the citral reduction in NCR ERED for
different prochiral binding modes aiming to find correlations to achieved selectivities.
Interestingly, these calculations led to novel insights into the oxidative half reaction of
NCR ERED. A semi-empirical quantum mechanical calculation using the PM7 method
was applied to obtain these results. The PM7 method is suited for simulating reactions
in catalytic pockets of enzymes.™™ Due to simplifications and implemented empirical
parameters, systems with several hundred atoms can be calculated within several hours.

With respect to enzymatic reactions, this allows the calculation of active site models.

The generation of this active site model was proceeded as follows: As no crystal
structure of NCR in its reduced form was available, FMNH, was modelled based on the
available crystal structure of the oxidized FMN form (pdb ID: 4A3U) and the resulting
structure was geometry-optimized using the Amberl2EHT force field. As model
substrate, E-citral was docked into the resulting structure followed by molecular
dynamics refinement. Subsequently, the calculation model was extracted (Figure 27). It
contained amino acids H172, N175 and Y177, which are described as catalytically
relevant amino acids as well as T25, Q98 and R224, which interact with the flavin
mononucleotide.®***° In order to account for the hydrophobic nature of the binding
pocket, residues W66, W100, 1231, F269, W342 and Y343 were included in the model.
Furthermore, the flavin mononucleotide and the substrate E-citral were included. Later
calculations also considered a modelled water molecule derived from the refinement
structure as described below. All main chain atoms of the amino acids, the flavin ribityl
phosphate moiety and the side chains of W66, W100, W342 and Y343 were held fixed
during the calculations (chapter 1.6). Side chains 1231 and F269 are positioned on
especially flexible surface loop regions and thus, these atoms were not fixed.
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E-citral

Figure 27: NCR active site model for semi-empirical PM7 calculations of the citral reduction.
Atoms are color coded: carbon (green for enzyme and purple for citral), hydrogen (white), oxygen (red)
and nitrogen (blue). Gray atoms were considered but defined as fixed during calculations. The
representation depicts the catalytic flavin in the FMNH™ state after proton transfer from FMN N1 to
R224. The model was extracted based on a molecular-dynamics refined docking structure of E-citral in
NCR ERED. Before docking, NCR crystal structure (pdb code: 4A3U) was modified to its reduced
FMNH, form and geometry-optimized using the Amberl12EHT force field. A modelled water molecule
was considered, based on the molecular dynamics refinement.

The preliminary calculation approach was based on the mechanism of the oxidative half
reaction as described in literature.>**® In this mechanism the main trajectories are a
hydride transfer from a FMNH™ species to the Cp atom of the activated alkene and a
proton transfer from Y177 to Ca. In literature, no details were presented why the
negatively charged FMNH™ rather than the neutral FMNH, species was described as the
hydride donor. From a mechanistic point of view, the negative charge at N1 of the
FMNH™ species would indeed facilitate the hydride transfer by a mesomeric effect. In
NCR, amino acid R224, described to stabilize the flavin residue, was identified to be in
close proximity to the N1 position. It was suspected that it might act as a base to form
the FMNH™ species from FMNH,. The according PM7 calculation could indeed verify
this assumption. The reaction proceeded with a low activation barrier of 1.9 kcal/mol
and was exergonic resulting in a free energy release of 10.8 kcal/mol. The result

reasoned to use the FMNH™ species for further calculations.

Surprisingly, assuming the trajectories of the mechanism described in literature resulted

in a highly endergonic reaction (+21.9 kcal/mol) and thus was found to be unfavorable
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and unlikely to happen (Figure Ap. 8). As consequence, new trajectories have been
evaluated to probe alternative mechanisms in order to result an exergonic reaction. The
so far Y177-based protonation was considered as a potential energetic issue because
direct protonation gives a negatively charged tyrosine species. Therefore, alternative
protonation mechanisms were probed based on residue H172 and a catalytically
involved water molecule. Different protonation states of H172 (3- and e-tautomers and
protonated species) were tested with and without a modelled water molecule. The water
molecule was derived from the molecular dynamics refinement that simulates the
structure in water. From these calculations an alternative exergonic mechanism could be
derived (Figure 28). The respective energy scheme is provided in the appendix
(Figure Ap. 8).
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Figure 28: Calculated alternative mechanism for the oxidative half reaction in NCR ERED for the
reduction of citral. The FMNH™ species is formed by protonation of R224 to prepare hydride transfer
form flavin N5 to citral CB, which in combination with protonation by a positively charged H172 species
results in an enol intermediate. This intermediate rearranges in the active site pocket to adopt a hydrogen
network with residues N175 and Y177 as well as the modelled water molecule. This orientation triggers a
final H shift reaction to form the citronellal product in a keto-enol tautomer reaction. Overall, the reaction
proceeded trans-selective. The first step was calculated separately. Citral methylprenyl residue is denoted
residue R.

The previous calculated protonation of R224 to provide FMNH™ can be considered as a

first step facilitating the following hydride transfer to the substrates Cp position. Upon
hydride transfer, the carbonyl moiety gets protonated by a positively charged H172 to
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form an enol intermediate. The enol rearranges in the active site to adopt new hydrogen
bonds to N175 and the modeled water molecule. The water molecule simultaneously
adopts hydrogen bonds to N175 and Y177. This rearrangement prepares a last concerted
hydrogen shift reaction that releases the citronellal product and is equal to an
enzyme-catalyzed keto-enol tautomerism. It is noteworthy that in the calculated
mechanism residue Y177 retains its previously ascribed proton donor function, but the
calculation hints at the probable necessity of a more complex protonation cascade. The
calculated mechanism remained trans-selective. The calculated Gibbs free reaction
energy is -3.4 kcal/mol and thus the reaction is exergonic. For the hydride transfer, still
a high activation barrier is derived (30.1 kcal/mol).

3.1.2 Focused NCR active site engineering

Active site mutagenesis strategy

After basic characteristics of the NCR ERED-catalyzed reduction of citral had been
investigated, the enzyme was subjected to enzyme engineering in order to invert the
natural S-selectivity. The often superior selectivities that are achievable by enzyme
catalysts rely on their three-dimensional protein structure. The intermolecular forces of
this macromolecule usually form a cavity around the site of catalytic action. This cavity,
which is known as the active site pocket, constraints the modes of binding that are
achievable for a given substrate like citral. The active site residues that form this pocket
can therefore have a direct influence on selectivity. Based on the solved crystal
structure® of NCR, these residues have been identified by selecting all of those amino
acids that surround citral in a distance of 5 A (docking model) with the exception of
R261, which lies in 5.5 A distance, but rounds off the cavity (Figure 29).
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Figure 29: Selection of active site residues in NCR ERED crystal structure (pdb ID: 4A3U) as
mutagenesis target sites. Residues (gray) surround citral (black) in a 5 A distance except for R261,
which lies in 5.5 A vicinity. Citral C=C double bond (purple) and citral oxygen (red) are highlighted as
well as the catalytically relevant amino acids Y177 and the prosthetic FMN (green).

In a first mutagenesis approach these residues should be probed to identify residues that
influence reaction selectivity directly. For all of the selected 14 active site residues
either a smaller (generally A, but G for A) or a larger amino acid (generally F, but W for
F or Y) was installed by site-directed mutagenesis except for tryptophan residues that
were exchanged against two smaller residues (A and F). This rather small mutant library
of 28 enzyme variants was also of reasonable size with respect to the necessary
purification of each enzyme to rule out cell-derived alcohol dehydrogenase side
reactivity. Also, the rather long analysis time of each sample had to be considered
because chiral separation was necessary to assess effects on selectivity. As explained in
the introduction, the main challenge of this mutagenesis study was to provide
simultaneous R-selectivity for the reduction of both isomers of citral. This is
complicated by the fact that those isomers usually exert a substrate control effect that
guides the reduction to proceed with opposite enantioselectivity. In consequence, all
generated enzyme variants in this work were analyzed using the separate isomers, hence

E-citral and Z-citral.
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Upon analysis of this first enzyme library, several noteworthy observations were made
(Figure 30). First of all, a change of the > 99 % S-selective reduction of NCR wild-type
was achieved for alterations at positions 25, 56, 66, 100, 172, 175, 177, 231 and 232. In
total, 12 of the 28 variations led to different enantioselectivities. However, the impacts
of these alterations differed substantially. Especially position 66 catches the eye.
Exchange of tryptophan against alanine in variant W66A even inverted the enantiomeric
excess in E-citral reduction to 46 % R, while a wild-type like product formation was
maintained. Noticeable changes were also observed by T25F and 1231F variations,
which in contrast to the W66A exchange were, however, also accompanied by
significant decrease of product formation. An unexpected and insightful observation
was the completely divergent response of the different citral isomers. While noticeable
selectivity alterations were achieved in the reduction of the E-isomer, the Z-citral
reduction selectivity remained > 89 % S-selective in all cases. In addition, only seven
residues affected the chiral outcome in that case. This isomer differentiation should be
regarded in light of the fact that the wild-type enzyme shows the same absolute
selectivity (> 99 % S) for both citral isomers. Another curious result was that exchange
of the ascribed proton donating Y177 was found to influence the selectivity, regardless
of an exchange against alanine or tryptophan. Besides, both Y177 variants retained over
50 % wild-type activity. H172 is another catalytically relevant amino acid interacting
with the citral carbonyl group that had an influence on selectivity. While exchange
against alanine retained more than 30 % of wild-type activity, phenylalanine variation
was deleterious in terms of enzyme activity, but also showed greater influence on
selectivity than the alanine exchange. As H172, N175 can interact with the substrates
electron withdrawing group and this interaction appears to be relevant because
alterations decreased product formation at least to an extent of 90 %. However, no
influences on the selectivity were observed. Changes at positions 56, 100 and 232 also

displayed minor selectivity alterations.
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Figure 30: Screening result of Zymomonas mobilis NCR ERED active site single variants towards
the reduction of either Z-citral (above) or E-citral (below). Gray bars indicate the relative activity in

percent with respect to the product formation resulting from Z-citral reduction by NCR

wild-type

(Primary y axis). Green lines indicate the e.e.-value in percent ranging from 100 % S to 100 % R
(Secondary y axis). Variants showing significant enantioselectivity alterations in comparison to wild-type
are highlighted by the measured numerical selectivity value; n.d. = not determined. Further details are

specified in the appendix (Table Ap. 1).

To sum up the main results of this first round of mutagenesis: i) the citral reduction

selectivity of NCR can be altered by single amino acid variants; ii) position 66 is the

most relevant target amino acid to alter citral reduction selectivity; ii)

enzyme

engineering leads to very different selectivity responses with respect to the two citral

isomers. Reduction selectivity of E-citral is altered more readily.
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Screening of double variant library

Based on these findings, it was concluded that the W66A variation is vital to allow
opposite enantioselectivity in NCR. A second round of mutagenesis was consequently
performed in order to probe if further optimizations are achievable and which amino
acids next to W66 might be considered as selectivity hot-spot positions. In this second
round of mutagenesis a double variant library was generated based on variant W66A.
The same mutagenesis strategy as described before was followed, so 26 variants were

generated and screened against reduction of the separate citral isomers (Figure 31).

Analysis of the double variant library revealed further insights. As already observed for
NCR W66A and other single variants, a distinct difference in the reduction selectivity
of the citral isomers becomes apparent. While nearly all variants retained wild-type
selectivity towards Z-citral reduction, considerable selectivity switches were observed in
the reduction of E-citral. However, some variants had mentionable differences in
catalytic behavior. Variant W66A/Y177W was the first NCR variant, which
significantly influenced the S-selectivity of the Z-citral conversion, namely the
selectivity changed from > 99 e.e. % S to 44 e.e. % S, while about 50 % of the wild-type
activity was retained. While most double variants remained R-selective in the
conversion of E-citral because of the underlying W66A variation, there were also some
variants which restored S-selectivity, for example W66A/N175F and W66A/Y343A.
Most notably, W66A/N175F qualitatively reverted the selectivity switch introduced by
WGE6A (63 % S), but the activity of this enzyme was nearly eliminated as well, while for
WG66A/Y343A a third of wild-type activity is obtained. Regarding position N175 in
combination with W66A, it is furthermore notable that the alanine and phenylalanine
variations delivered completely opposite enantioselectivities for E-citral as
WGBE6A/N175A results an e.e.-value of 63 % R. This selectivity effect of N175 was not
detected by the respective single variants, but rather depended on the W66A variation.
However, both variants substantially suppressed catalytic activity. For E-citral, in
comparison to single variant W66A, two additional double variants led to further
selectivity improvements towards R, namely W66A/I231A and W66A/F269A. Both
retained at least 60 % wild-type activity. Not considering W66A/N175A due to its
deleterious effect on catalytic activity, variant W66A/I231A showed the best

improvements leading to an e.e. value of 63 % R from E-citral.
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Figure 31: Screening result of Zymomonas mobilis NCR ERED active site W66A-based double
variants towards the reduction of either Z-citral (above) or E-citral (below). Gray bars indicate the
relative activity in percent with respect to the product formation resulting from Z-citral reduction by NCR
wild-type (Primary y axis). Magenta lines indicate the e.e. values in percent ranging from 100 % S to
100 % R (Secondary y axis). Variants showing significant enantioselectivity alterations in comparison to
wild-type as indicated by the magenta threshold line are highlighted by the measured numerical
selectivity values; n.d. = not determined. Further details are specified in the appendix (Table Ap. 2).

Finally, the double wvariant library demonstrated the improvability of the
WG66A-introduced selectivity switch and the possibility to change Z-citral selectivity as

well. Considering the results of the single and double variant libraries, positions 177,
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231 and 269 were identified as additional hot-spots that enabled these further

optimizations, but at the same time were not deleterious to enzymatic activity.

W66 site-saturation analysis

As the previous mutagenesis approaches emphasized, position 66 seems vital for
selectivity control in NCR ERED. Further understanding of this control was generated

by site-saturation analysis at this position (Figure 32).

With respect to selectivity, site-saturation mutagenesis showed a correlation to the size
of the introduced amino acid at position 66. In Figure 32, the side chain volume
decreases from left to right with tryptophan being the largest and glycine the smallest
amino acid. Focusing on unpolar amino acid residues (highlighted red), a trend becomes
visible. With decreasing side chain volume, the obtained R-selectivity increases.
However, for instance aspartic acid, which is the fifth smallest amino acid, restores
S-selectivity. Variants W66A and W66G showed selectivities in the same range, but
WG6E6A displayed slightly higher R-selectivity. The mentioned trends are mainly
observable for E-citral because as in the before mentioned mutagenesis approaches, the
differences in the reduction of Z-citral and E-citral become clearly visible in terms of
enantioselectivity: most amino acid variations did not affect Z-citral reduction
selectivity. Most amino acids were well accepted in terms of product formation
(60-100 % relative activity). Most prominent exceptions are lysine and proline. Lysine

quarters activity and proline variation reduces activity about 100-fold.
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NCR W66 site-saturation
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Figure 32: Screening result of Zymomonas mobilis NCR ERED W66 site-saturation-based variants
towards the reduction of either Z-citral (above) or E-citral (below). Gray bars indicate the relative
activity in percent with respect to the product formation resulting from Z-citral reduction by NCR
wild-type (Primary y axis). Dark gray or red lines indicate the e.e. values in percent ranging from 100 % S
to 100 % R (Secondary y axis). The variants are depicted according to their side chain volume.'®
Enantioselectivity values for less polar amino acid exchanges are highlighted in red. For the purpose of
trend highlighting in the case of E-citral reduction, enantiomeric excess values are also depicted
numerically. Further details are specified in the appendix (Table Ap. 3).

Molecular docking simulation of NCR wild-type and variant W66A

An in silico docking simulation was calculated to study the mutational effects of the
WG66A variant in further detail (Figure 33). Both isomers of citral were comparatively
docked into the NCR wild-type and the computationally created W66A variant. With a
crystal structure at hand, this is a powerful tool for visualization of the rather complex
circumstances in enzyme catalysis. From the different binding modes that are calculated
by the applied docking tools, mechanistically relevant binding situations could be

selected on the basis of constraints known in literature (chapter 1.3). In this case, the
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calculation confirmed the strict S-selectivity of the wild-type for citral reduction
because all binding modes displayed a pro-S prochirality, irrespective of using E- or
Z-citral as docking ligand. This is changed in the variant W66A. For E-citral a binding
mode with inverted R-selectivity was calculated next to the S-selective binding mode
(not displayed) for E-citral, however not for Z-citral. This reflects the experimentally
achieved results. The calculation visualizes how the large tryptophan residue at position
66 effectively blocks an opposite binding mode. This allows for possible deductions in

comparison to the obtained experimental results (chapter 4.1.2).

citral docking
in NCR

W66
flipped binding

W66

same binding

Figure 33: Calculation of binding modes by molecular docking simulation based on the crystal
structure of NCR ERED (pdb ID: 4A3U). On the left, docking results of E-citral (above) and Z-citral
(below) in the wild-type are displayed and on the right for the in silico generated W66A variant of NCR.
The prochirality of calculated binding modes is denoted. For docking of E-citral in W66A a pro-S binding
mode was calculated as well but is not displayed for the sake of clarity. In all structures, the catalytic
Y177 residue and the prosthetic FMN (both dark green) are shown alongside H172 and N175 substrate
binding residues (blue) as well as position 66 (light green) and the docked citral ligand (black). The
reactive double bond in citral is highlighted (purple) and the carbonyl oxygen (red). Calculations used the
docking algorithm as implemented in the YASARA software.™
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3.1.3 Development of whole cell screening reactions

The site-directed mutagenesis strategy described in the previous chapter resulted
positions 66, 177, 231 and 269 as potential hot-spots in NCR ERED to enable an
inversion of the wild-type S-selectivity in the citral reduction. Consequently, these
hot-spots should be applied for a less rational combinatorial mutagenesis approach to
generate a necessary diversity to identify the desired switch in enantioselectivity.
Furthermore, a comparative engineering based on the already partially R-selective
OYEL1 template was assessed as alternative solution. Both approaches were initially
limited by the fact that enzyme purification as performed for all previously assessed
enzyme variants was impracticable. On the one hand, OYEL purification by affinity
chromatography caused severe losses in catalytic activity (Table Ap. 4). On the other
hand, it was unreasonable to purify complete iterative site-saturation libraries. The
development of a whole cell reaction system for citral reduction was considered a

solution for both approaches and thus conducted.

Evaluation of whole cell reactions

The application of an E. coli strain containing the ERED genes was hampered by an
alcohol dehydrogenase-catalyzed side reaction (chapter 1.3.3). On the one hand it
causes the reduction of citral to nerol and geraniol, which are not further converted by
the ERED and are therefore dead-end side products. On the other hand, the reduction of
citronellal to citronellol is problematic in light of the envisioned application in the
menthol cascade. The SHC cannot convert citronellol to isopulegol. In this work the
previously developed E. coli strain TG20+ (unpublished results) was successfully
applied offering two advantages: i) it contains deletions of the two most unspecific
alcohol dehydrogenases (yahk™ and yisb™ genes); ii) it contains a deletion of rhamnose
isomerase stopping rhamnose metabolism. This enables the efficient application of a
rhamnose promotor. This tighter expression system might facilitate folding, which was

considered one potential issue during OYE1 gene expression.

Two different whole cell approaches were selected as starting points to identify a
suitable reaction system using the E. coli TG20+ strain for ERED gene expression
(Figure 34). While the first approach, denominated as system A, assumed conditions in
a viable cell (resting cell), the second system B approach assumed the opposite case.

Essentially, system A contained glucose as carbon source and no additional cofactor
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because a viable cell should provide internal NAD(P)H regeneration. In contrast, in the
second approach NADH was added. The starting conditions were selected in close
accordance to approaches described in literature.®>%? For all reactions, E. coli TG20+
cells containing expressed NCR wild-type gene were washed and resuspended in buffer

solution. Supplements were added and biotransformations performed (Figure 34).

300 - system A:

100 mM KP; pH 7, 10 mM citral,
T 50 gewn/L cells, 1 % (v/v) DMSO,
250 A 20 mM glucose

system B:

200 A 100 mM KP; pH 7, 10 mM citral,
5 gewn/L cells, 10 % (v/v) isopropanol,
{ 12 mM NADH, 5 mM EDTA

changes to system B:

B2 | no NADH contained
100 - )

relative product formation
to system B [%]
=
a1
o

B3 | no NCR ERED

B4 | 10 % (v/v) DMSO instead of isopropanol

B6 | decrease to 5 % (v/v) isopropanol

buffer change:

50 mM MES/KOH pH 6.8

50 - H B5 increase to 50 geuu/L cell use
LO T T T 1 B7
m
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B3
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(e»)
=V —Y

B8 no EDTA contained

system A
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Figure 34: Evaluation of NCR ERED-catalyzed E/Z-citral reduction in whole cells to citronellal.
Two generally different whole cell systems called A and B as well as deviations from system B were
tested as described. E. coli TG20+ cells containing NCR ERED were resuspended in buffer solution
accordingly. The product formations (in %) relative to system B are displayed. Biotransformations were
performed in 1 mL scale for 22 h at 30 °C and 180 rpm as duplicates. Referencing to the sum of educt and
product peaks, 39 % chromatographic citronellal yield are obtained for system B.

For system A almost no product formation was obtained (<1 % relative product
formation), while system B resulted in reasonable formation of citronellal product. The
approach resulted in 39 % chromatographic citronellal yield. Several alterations of
system B were carried out to optimize and simplify the method for a fast screening
application. Only a negligible rest activity remained when no NADH was added to
system B (B2). A negative control without expressed ERED neither resulted in
citronellal formation (B3). The system seemed to be more sensible towards DMSO than
isopropanol because exchanging the isopropanol cosolvent with DMSO caused a
product formation diminishment of about 50 % (B4). In this case, increasing the cell
concentration did not lead to higher citronellal formation (B5). A roughly 1.5-fold

improved product formation was achieved by decreasing the volumetric isopropanol
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cosolvent proportion from 10 % (v/v) to 5 % (v/v) (B6). This increase was also observed
for using 50 MM MES/KOH pH 6.8 as alternative buffer system. The reference
system B contained the chelator EDTA. It is known that the chelating ligand EDTA can
inhibit some alcohol dehydrogenases by competitive binding of divalent zinc.***% The
supplement, however, seems to hamper citronellal product formation significantly (B8).
The activity of system B without EDTA led to a 2.5-fold citronellal increase. In
following experiments, the use of EDTA was desisted from as the E. coli TG20+ cells
provide a sufficiently lowered ADH side reactivity as will be described in the next

experiment.

In a second set of experiments, the findings were used to define a new whole cell
reaction system, which was applied in the citral reduction using both, NCR and OYE1
EREDs (Figure 35). For E. coli TG20+ NCR a chromatographic citronellal yield of
96 % resulted. For the purpose of evaluation, the E. coli TG20+ strain (rha promotor
controlled expression on pDHE vector) was compared with the E. coli BL21(DE3)
strain (T7 promotor controlled expression on pET-28a(+) vector). Both strains
contained ERED as biocatalyst and were treated under similar reaction conditions. The
comparison of the E. coli TG20+ and E. coli BL21(DE3) strain clearly shows the effect
of the alcohol dehydrogenase deletions in E. coli TG20+. In E. coli BL21(DE3) a
significant ADH activity is observable. It is decreased up to 20-fold in the
ADH-deficient strain. ADH activity refers to the sum of terpene alcohol formed by the
reduction of either the substrate citral or the product citronellal. The experiment shows
that the E. coli TG20+ strain enables the use of OYEL in this system in contrast to the
E. coli BL21(DE3) strain. In the E.coli BL21(DE3) strain almost no citronellal
formation was observed, but the formation of citronellol resulting from further
reductions by ADHs. In contrast to NCR, the reduction activity of OYE1 towards citral
is lower (chapter 3.1.4 provides a comparison of activity towards single isomers). The

results also show that a minor residual ADH activity remains in the E. coli TG20+ cells.
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B ERED activity O ADH activity
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120 - B
100 - reaction conditions:
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60 - 50 mM MES/KOH pH 6.8, 10 mM citral,
40 5 goww/L cell mass, 5 % (v/v) isopropanol,
12 mM NADH
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Figure 35: Comparison of ERED-catalyzed E/Z-citral reduction in E.coli TG20+ vs E. coli
BL21(DE3) whole cells to citronellal. Either NCR or OYE1 ERED was applied. Cells were resuspended
in buffer solution accordingly. The relative product formation (in %) in relation to the citronellal
formation by NCR containing E. coli TG20+ strain is displayed. Biotransformations were performed in
1 mL scale for 22 h at 30 °C and 180 rpm as duplicates. The product is either citronellal as consequence
of ERED activity or the sum of the alcohols nerol, geraniol and citronellol as consequence of ADH
activity. Referencing to the sum of educt and product peaks, 96 % chromatographic yield were obtained
for E. coli TG20+ NCR.

For key variant NCR WG66A, additional experiments were performed comparing
enantiomeric excess values obtained using the whole cell system to those using purified
enzymes. The reactions were performed under otherwise similar reaction conditions and
thus allowed a comparison of these values. Indeed, it was demonstrated that similar
selectivity values were obtained. In both cases, 90 e.e. % S were obtained for Z-citral
while for E-citral 46 e.e. % R and 48e.e. % R were measured for whole cells and

purified enzymes, respectively.

Optimizations for mutant library screening

In contrast to the so far applied mutant generation protocol two alterations were
required to ensure the formation of at least 95 colonies. They were required to perform
the envisioned site-saturation strategy. These were: i) DNA purification using a
nitrocellulose membrane for dialysis and ii) cell transformation with mutated DNA
using the electroporation procedure, which is known to improve transformation

efficiency.'®®

The establishment of a suitable analytical method detecting altered enantioselectivity
was vital for variant screening. In literature, for example various spectroscopic methods
have been described for selectivity discrimination, but are highly tailored to the specific
analytical problem and not generally applicable.® In contrast, chiral HPLC and GC

analysis is broadly applicable and can suit for the screening of several thousand
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mutants. This work focused on optimizing an available chiral gas chromatographic
method (~30 min/sample). Due to several optimizations the analysis time was reduced
to ~8.5 min/sample (Figure 36). These involved an increase of the isocratic column
temperature (90 °C to 100 °C) and the carrier gas flow (30 cm/min to 70 cm/min).
Additionally, the method was cut after full citronellal elution causing the substrate peak
to be measured in the following sample. Over the course of 100 repeated injections it
was found that no overlap of the citral peak with the citronellal peak occurred and that
the citronellal signal remained stable. As a trade-off of fast hit identification and
accuracy of selectivity determination, the loss of complete base-line separation was
accepted.

B-Dex-column

75000+
S-citronellal
= |
2 50000+
= ]
g
2 R-citronellal
250004
i
b T T TErTTTTrrYy T T T
18 79 8.0 8.1 82
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Figure 36: Optimized analytical GC method for fast chiral separation of citronellal. A trade-off
between separation quality and method shortage was followed during optimization. Major shortenings can
be deduced to an increase of isocratic temperature from 90 °C to 100 °C and an increase of hydrogen
carrier gas linear velocity from 30 cm/min to 70 cm/min.

3.1.4 Comparative OYEL active site engineering

As a complementary approach, OYE1l was also submitted to mutational analysis.
Thereby, the potential of this type I citral ERED (chapter 1.3.3) to achieve the desired
R-selectivity in the reduction of both citral isomers should be evaluated. As the first
characterized and most studied ERED in literature, OYE1 was rendered a suitable
representative for this comparative probe.t”***%1% The developed whole cell reaction
system could be applied for this analysis of OYEL variants. An active site mutagenesis
approach similar to the one presented for NCR ERED was applied. In fact, the
mutagenesis targets were selected according to a sequence alignment of both enzymes
(Figure Ap. 1). The selection of active site residues in NCR ERED was thus transferred

to OYEL. A structural alignment of both enzymes highlights these positions (Figure 37).
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Q147 /H128 OYE1 /NCR

W116 / W100 Y82 / W66
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Figure 37: Structural alignment of NCR (green) and OYE1 (purple) EREDs (pdb ID NCR: 4A3U;
OYE1L: 10YB). The active site of both enzymes is displayed. Indicated are sequentially similar amino
acids in both enzymes subjected to comparative site-directed mutagenesis. For orientation, the prosthetic
flavin mononucleotide group is depicted (black). For the selected residues the respective amino acid
position in each enzyme as indicated by the color code are presented.

The OYE1 mutagenesis approach was preceded by a comparison of the OYE1 and NCR
wild-types in terms of activity and selectivity using the whole cell reaction system
(Figure 38). This measurement confirms the type | character of OYEL. The enzyme
does naturally display high R-selectivity in the reduction of E-citral and a significantly
less pronounced selectivity towards Z-citral. Nevertheless, the outcome was also
R-selective with an e.e. value of 33 %. However, product formations show that citral is
a worse substrate for OYE1 than for NCR. While half of NCR activity was achieved for
E-citral, Z-citral is over five-fold lower. This entails an opposite preference for the
reduction of E-citral. Hence, the question arose whether an optimization of the already
present R-selectivity would be achievable without further hampering OYEL1 activity.
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Figure 38: Comparison of citral reduction by OYE1 (purple) and NCR (green) wild-types using
whole cells with respect to activity (left) and selectivity (right). Relative activity refers to the product
formation as obtained in Z-citral reduction by NCR wild-type. The selectivity is expressed as e.e. values
ranging from 100 % S to 100 % R. Reduction towards both isomers of citral, E (purple) and Z (green)
have been evaluated. The substrate concentration was 2 mM.

As before, both isomers of citral were evaluated separately in the screen of OYEL
variants (Figure 39). A striking difference to the comparable NCR mutagenesis
approach was the high number of OYEL variants that displayed no activity (10 out of
28). In addition, another 10 of those variants showed relative activities below 10 %. In
accordance, variations at the catalytic important amino acids H191 (corresponds to
H172 in NCR), N194 (NCR: N175) and Y196 (NCR: Y177) are less well tolerated than
in NCR. This demonstrates that citral reduction in OYEL is more sensitive than in NCR.
Alterations of activity and selectivity were observed for both isomers, so no general
different effect of mutagenesis can be attributed to the two isomers in this case. With
respect to selectivity, many variations altered the selectivity of OYEL, but no amino
acid variant resulted in unambiguous further increase of R-selectivity. Variants Q147F
(NCR: H128) and F374W (NCR: Y343) displayed 40 e.e. % R in the reduction of
Z-citral but these increases lie within the measured errors. In contrast, the mutagenesis
approach shows that OYEL selectivity can be reverted to provide S-selectivity. For
instance, E-citral reduction selectivity was inverted to 11 % S by variant N194F (NCR:
N175) and Z-citral reduction selectivity is inverted to 71 % S by variant F269W (NCR:
F269). It is noticeable that variations at OYE position Y82 (NCR: W66) do not show a
mutational effect as pronounced as in NCR W66.

Due to the fact that OYEL showed a considerably worse mutability than NCR and
neither provided distinct starting points for increasing the present OYE1 R-selectivity,
ongoing mutational studies focused on NCR WG66A as engineering target.
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Figure 39: Screening result of Saccharomyces pastorianus OYEL1 ERED active site single variants
towards the reduction of either E-citral (above) or Z-citral (below) using a whole cell reaction
system. Gray bars indicate the relative activity in percent with respect to the product formation resulting
from E-citral reduction by OYEL wild-type (Primary y axis). Yellow lines indicate the enantiomeric
excess ranging from 100% S to 100 % R (Secondary vy axis). Variants showing significant
enantioselectivity alterations in comparison to wild-type as indicated by the yellow threshold line are
highlighted by the measured numerical selectivity value. The results were retrieved from the supervised
Bachelor thesis of F. Dehli.**®

3.1.5 Iterative site-saturation mutagenesis

The preceding site-directed mutagenesis studies on the NCR wild-type proved the
feasibility to induce R-selectivity in the reduction of citral. Nevertheless, especially for
Z-citral, the achieved selectivity changes still demanded significant further alterations to
provide the desired R-selective biocatalyst. The in the previous chapter presented

alternative use of OYEL1 as mutagenesis target appeared to be unpromising. However,
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the successful implementation of the enzymatic citral reduction in a whole cell
environment provided the means for creating and analyzing larger enzyme libraries.
That allowed combinatorial replacements at hot-spot positions identified in the NCR
template. In this work, an iterative site-saturation strategy was followed, motivated by
the success in the selectivity engineering of other enzymatic reactions.’®*%"1%" For
library construction the before applied site-directed mutagenesis approach was
expanded by using primers with the degenerate NNK codon (N=A,T,G,C and
K =T, G) that encodes all 20 canonical proteinogenic amino acids and thus enabled
complete site-saturation. As described before (chapter 2.2.4) 95 colonies per
site-saturation were screened for statistical reasons. Therefore, it was convenient to
apply 96-DWPs for cell growth, expression and screening reactions
(chapter 2.3.1 & 2.4.3). The remaining well was used for buffer negative controls. In
order to still allow for screening of both isomers of citral separately, two 96-DWPs
containing similar genes were prepared by using the same preculture plate for
inoculation. Expression analysis not only proved that ERED genes were expressed
under these conditions, but also that the described duplicate plates delivered similar
expression levels (Figure Ap.9). After reaction screening, hot-spot regions with
increased R-selectivity were selected for gene sequencing. As described in the
following, samples with catalytic activities below a defined threshold line were
excluded from further analysis, but otherwise activity was no criterion in this screening.
In the following, it will be described how the effectivity of the described screening was
evaluated.

Evaluation of whole cell screening

The developed whole cell screening should primarily be effective in the identification of
variants with increased R-selectivity. In light of the existent site-saturation analysis at
NCR position 66 that had been performed with purified enzymes (chapter 3.1.2), the
effectivity of the screening could be assessed by repeating the site-saturation at position
66 with the whole cell screening as described above. On the one hand, it should be
evaluated whether the W66A hit would have been found in the screening and on the
other hand how accurately known selectivities would be reproduced. Furthermore, this
first evaluation should also prove the principal ability to obtain measurable citral
conversions within the wells of the applied DWPs. For this analysis, only E-citral was

considered as it was known that saturation of position 66 should result in a broad
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selectivity distribution for this isomer, while Z-isomer reduction selectivity is almost

unaffected by variations at position 66.

First, the analysis of the screening resulted in citronellal formation for most samples (12
of 95 reactions did not display measurable citronellal formation), which proved
functional ERED production. The buffer negative control resulted in no measurable
citronellal formation. Second, a broad distribution of e.e. values was obtained ranging
from 99 % S to 42 % R (Figure 40). This hinted that the mutagenesis approach resulted
in the generation of different variants including the W66A hit.

S 41-42 % R
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Figure 40: Selectivity distribution obtained after screening E-citral reduction by a NCR W66X
library, presented as pie chart. Slices correspond to individual color-coded e.e. values measured in the
library. Slice thickness indicates how often the value was measured. The smallest slice represents one
measurement. Next to the prominent >99 % S value, the results are summarized to four regions of
measured e.e. values as indicated and the numerical values of these regions are depicted. In total, 95
samples of an NCR enzyme library consisting of position 66 variants as obtained by the use of a
degenerate NNK codon were screened. W66X indicates a theoretical change against any of the 20
canonical proteinogenic amino acids.

Further insights were generated by sequencing 18 selected samples that mainly
displayed different e.e. values in the screen. Based on the sequencing results, these
values could be compared with the selectivities that were obtained with purified

enzymes in the previous site-saturation of position 66 (Table 21).
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Table 21: Comparison of NCR W66X e.e. values as obtained for purified enzymes in the previous
site-saturation approach (previous) with those measured by the whole cell screen for the reduction
of E-citral in the saturation approach with degenerate codon (screen). 18 samples of a site-saturation
library created by the use of a degenerate NNK codon that resulted in various e.e. values (screen) were
sequenced and then the e.e. values were compared to results from a previous site-saturation mutagenesis
(previous) created by site-directed mutagenesis and tested with purified enzymes.

e.e. %  sequenced e.e. %
(screen) NCR variant (previous)

>998 wt >998
>99 S wit >998S
>998S wt >99 8
96 S WG66R 96 S
87S W66K 99 S
86 S W66H 828
935S W66L 85S
88 S W66Q 86 S
94S WG66E 94S
28 S W66V 37S
50S W66V 375S
408 W66V 37S
85S W66N 87S
18S W66T 18 S
21S W66S 375S
23S W66S 37S
42 R WG66A 46 R
41R W66G 41R

The selection of sequenced samples highlighted that the screen succeeded in the
identification of the W66A hit and also generated the second R-selective W66G variant.
Thus, the screening method appeared qualitatively suitable to screen for variants with
increased R-selectivity for which the screen was primarily designed for. The three
samples with > 99 % S-selectivity were all identified as wild-type. The relatively large
proportion of samples with > 99 % S-selectivity (Figure 40) might be derived by
residual amount of wild-type genes and therefore, consecutive screens were carried out
implementing an extended Dpnl restriction digestion. The method was considered to be
generally accurate enough as the medium aberration was 6 e.e. % (not taking wild-type
into account to avoid bias). Regarding activity, the screen has a very limited
applicability. As an indicator of activity, the obtained citronellal peak areas (sum of
both enantiomers) were related to the highest peak area obtained in one 96-DWP, which
gave a relative activity value. From the sequencing results, a triplicate measurement of
the wild-type and variant W66V were obtained randomly. The thus calculated relative

activities of wild-type and variant W66V were 60 + 27 % and 35 £ 15 %, respectively.
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As activity was initially considered a second criterion, no further optimizations for
better reproducibility in activity determination were performed. As a consequence,
following screening results only display a zone of activity, which can be regarded as a
qualitative assessment. From the 18 selected samples, 13 different amino acids were
identified. Without further sequencing of the residual 78 samples, it was assumed that
the diversity of the codon degeneracy was generating sufficient variability for the
envisioned selectivity improvements. This is supported by the broad selectivity
distribution of the screened W66X library (Figure 40).

The site-directed mutagenesis strategy resulted four hot-spot residues in NCR ERED
that appeared to have significant influence on the citral reduction selectivity. These
were positions 66, 177, 231 and 269. From these identified hot-spot positions, it was
decided to randomize three in combination with the W66A variant. As the alanine
variant was a crucial leverage variation for opposite NCR enantioselectivity in the citral
reduction, it was remained unchanged. This also minimized screening effort. The
strategy was to iteratively saturate remaining selectivity hot-spot residues Y177, 1231
and F269. In theory, several mutagenesis pathways were thus possible (Figure 41).

Screening of iterative site-saturation libraries

W6E6A
177 231 269

NN N

231 269 177 269 177 23]

269 231 269 177 231 177

Figure 41: Possible iterative site-saturation pathways for NCR W66A as target. The scheme displays
all theoretic combinations in the iterative approach of randomizing one position at a time and selecting a
new target gene for further saturation at remaining hot-spot positions.

First, each hot-spot position was randomized separately generating three individual
WG66A based double variant libraries. Variants with optimized R-selectivity were
subjected to sequencing. For each library, the variant with highest obtained
enantioselectivity was chosen as template for randomization at the residual two
positions and so on. In the course of screening, it was identified that it is beneficial to
define a threshold activity value of 4 % in the screen (relative activity in comparison to
the highest measured product formation within the screen of one library referring to

both, the screen towards E- and Z-citral). Below this value no accurate
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enantioselectivity determination was achievable because of the limited ability to
concisely integrate small peak areas in a chromatogram. Thus, such samples were not

considered further.

The summary of main results of the iterative site-saturation screening starting from the
NCR W66A template shows that significant selectivity improvements could indeed be
obtained (Figure 42; Table Ap. 5 contains detailed results of sequenced variants). For
each randomization, two selected hits with increased R-selectivity are displayed. It
appears that after position 66, position 231 is most relevant for inducing higher
R-selectivity. For variant WG66A/1231P, E-citral reduction was already almost
completely R-selective (91 e.e. % R), while herein a selectivity inversion was also
achieved for Z-citral (32 e.e. % R). In contrast, the R-selectivity enhancing effect of
position 269 was less pronounced and produced improvements as already obtained in
the site-directed mutagenesis approach of the W66A-based double variant library
(chapter 3.1.2). Nevertheless, the combinatorial alteration of position 269 with positions
66 and 231 resulted triple variants with the most promising R-selectivity values for both
citral isomers. These were for example W66A/1231R/F269V, W66A/1231P/F269V and
WG66A/1231P/F269P. It is noteworthy that the W66A/1231P/F269V variant was found
independently in two different iterative pathways. These variants displayed relatively
similar selectivity values. Considering the results of both independent measurements,
variant W66A/1231P/F269V resulted for instance an e.e. value of 93-96 % R for E-citral
and 63-72 % R for Z-citral.
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Figure 42: Iterative site-saturation mutagenesis of NCR WG66A using a NNK codon degeneracy to
allow exchange against all 20 canonical proteinogenic amino acids at displayed target sites. The
hot-spot positions Y177, 1231 and F269 were randomized separately in a consecutive manner as indicated
by “X”, e.g. Y177X. From the 95 colonies screened in each saturation step, the best two hits are displayed
selected according to improved R-selectivity with respect to the underlying template enzyme of the
saturation step. Each displayed hit shows the added variation as indicated by “+”, i.e. +F269V refers to
the variant NCR W66A/F269V. The measured e.e. value for each citral isomer (either E or Z) as % R or
% S and a bar indicator for the related activity (short: act.) are given for each hit. Relative activity values
were calculated by comparing the measured citronellal peak area to the highest obtained citronellal peak
area within one saturation screen. In consequence, activities need to be compared in reference to the
template enzyme. The color depth of the hit’s blue background reflects the number of accumulated
variations with the lightest blue for the single variant W66A and the darkest blue for the quadruple variant
WG66A/F269V/I1231P/Y177D. The red color indicates the path to hits that were further characterized.
Further details of analyzed variants are displayed in the appendix (Table Ap. 5).

In the following description, it is highlighted that the displayed relative activity values
can only be regarded in comparison to the template that was used. This is rooted in the
calculation method (for example variant W66A/F269V/1231P/Y 177D does not display a
higher activity than its template W66A/F269V/1231P but rather decreases the activity of
the template further). During the screening it was finally decided that following each of
the possible iterative site-saturation pathways (Figure 41) was unreasonable due to
increasingly severe effects on catalytic activity when alterations at position 177 were
included. Previous results from the site-directed mutagenesis approaches had suggested
that alterations at the catalytic residue Y177 were accepted in terms of catalytic activity
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(chapter 3.1.2). This was, however, contradicted in the presented iterative site-saturation
mutagenesis. Randomization of the mechanistically relevant position Y177 mostly
resulted in variants with highly diminished catalytic activities when combined with the
WG66A variant (< 20 % relative activity). The same trend was observed for respective
tested triple and quadruple variants containing an alteration at position 177 although
also significantly higher selectivities were achieved for example with variant
WG66A/1231P/Y177R. These losses in activity were regarded too high for further
applications and the selectivity of the significantly more active above described triple
variants like W66A/I231R/F269V were at least in the range of the most selective
Y177X-containing variant.

As an additional observation, it came to attention that some variants also restored
NCR’s natural S-selectivity although those variants all contained the R-selectivity
inducing W66A variant (Table Ap. 5). For instance, for NCR W66A/I231L e.e. values

of 95 % S and 99 % S were obtained for reduction of E- and Z-citral, respectively.

From the obtained screening results, two candidates were selected for further
characterization and potential use in the (-)-menthol cascade. These were NCR variants
W66A/1231P/F269V and W66A/1231R/F269V. Both contain additional alterations at
position 231, which was found to be crucial in combination with the W66A to achieve
significantly higher R-selectivities. This was investigated further by molecular

dynamics simulations.

Molecular dynamics simulation of NCR W66A/I231P

Next to position 66, position 231 in NCR displayed the greatest effect on citral
reduction selectivity within the range of the performed screening. Based on the NCR
WG66A variant, an additional proline variation at position 231 lifts the selectivity from
46 % R to > 90 % R in E-citral reduction. In an effort to get a further understanding of
the mutational effect on this selectivity, a molecular dynamics simulation of NCR
variant W66A/1231P with bound E-citral has been performed in a time scale of 0 ps to
5000 ps (Figure 43). Comparing different snapshots of the simulation, a noticeable
flexibility of asparagine 175 was observed during simulation, which lies in close
proximity to the mutated 231 position (Co distance of amino acids lie between 4-5 A).

Possible deductions from this observation are presented in chapter 4.1.2.
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Figure 43: Overlay of two snapshots of a molecular dynamics simulation of NCR variant
W66A/1231P after 50 ps (green) and 1250 ps (purple). The four NCR hot-spot positions 66, 177, 231
and 269 are depicted as well as asparagine 175, E-citral (black) in R-selective binding mode and the FMN
prosthetic group (cyan). The snapshot projects the high flexibility of N175 observed during simulation.

Characterization of R-selective citral reductases

For a potential application in the desired (-)-menthol cascade, two NCR-derived
candidates from the performed selectivity screen were considered for further
characterization, W66A/1231P/F269V and W66A/1231R/F269V. Within the accuracy of
the selectivity screen, both variants displayed similarly high R-selectivities in the
reduction of citral. To provide a more accurate comparison of both variants, citral
reduction reactions have been repeated under defined conditions including wild-type
NCR for comparison. Both, whole cell reactions (chapter 2.4.2) and reactions using the
purified enzyme preparations (chapter 2.4.1) were performed. Purification of the
pDHE_ncr-derived proteins by affinity chromatography had been enabled due to the
insertion of an N-terminal poly-Hisg tag that was introduced in the vector construct by
means of Gibson assembly (chapter 2.2.5). It should be noted that both enzymes were
readily purified. From an applicative point of view, an interesting observation regarding
the use of glycerol stocks was made throughout these experiments. In order to maintain
the main line of experiments, these results are described in the appendix
(Figure Ap. 10). The summarized characterization results regarding activity and
selectivity are derived from biological duplicates (chapter 2.6.1), which were each

performed as reaction triplicates (Figure 44).

In the following results description, the enzyme variant NCR W66A/1231R/F269V shall
be referred to as Arg variant and the NCR variant W66A/I231P/F269V as Pro variant.
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The characterization of these variants under defined conditions reveals distinct
differences that were not clearly unraveled during the beforehand screen. The Arg
variant displays a clearly better activity towards both isomers of citronellal than the Pro
variant, while their selectivity behavior is indeed similar. Consequently, the Arg variant
was selected for further application in combination with an SHC for first bienzymatic
cascade experiments (chapter 3.2.2).
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Figure 44: Characterization of the two NCR triple variants Arg (W66A/1231R/F269V) and Pro
(W66A/1231P/F269V) as whole cell or purified preparation in the reduction of E-citral and Z-citral.
E. coli TG20+ whole cells were applied. All reactions were performed as reaction triplicates of biological
duplicates for 4 h at 30 °C and 180 rpm according to chapters 2.4.1 and 2.4.2. a) Obtained relative activity
values. These refer to the relative product formation in comparison to the reduction of Z-citral by purified

wild-type NCR ERED. b) Associated measured e.e. values. The axis indicates that all reactions were
R-selective.

In general, whole cell reactions resulted in less product formation than reactions
employing purified enzymes. However, it should be noted that the cell amount used was
not calibrated to the enzyme concentration in reactions with purified enzymes. These

results allowed for a qualitative adjustment. For both variants a clear preference in the
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conversion of the E-isomer over the Z-isomer is visible. The enantioselectivity results
were unexpected. Comparing whole cells and purified enzymes, it was surprising to find
large selectivity deviations of 50 % in the reduction of Z-citral, while the selectivity
values obtained for E-citral were similar. At this point, it shall be reminded that a
previous assessment of the whole cell reaction with variant W66A did not hint at such a
behavior because e.e. values were satisfactorily reproduced (chapter 3.1.3). But this

variant neither displayed a really altered selectivity in the Z-citral reduction.

In consequence, consecutive experiments aimed to shed light on this phenomenon. A
comparison of the biotransformation with some negative controls focusing on the
remaining citral substrate produced valuable information. First, all these experiments
and their results will be described. In the respective discussions chapter4.1.4, a
hypothesis is stated from these results trying to explain the enantioselectivity deviations
described for whole cell and purified reactions. As before, each experiment considered
both isomers of citral separately. However, for this specific experiment, the overall
effects were qualitatively similar. For the sake of clarity, here, the results for Z-citral are
shown (Figure 45). Results for E-citral are added in the appendix (Figure Ap. 11).

As can be seen from these experiments, there are significant shifts with respect to the
proportion of E-citral and Z-citral. Comparing a buffer control and a cell control, which
have both been treated under reaction conditions; a 94:6 Z:E proportion is found for the
buffer control and a 75:25 Z:E proportion is found for the cell control. In this regard, it
is noteworthy that the purity of the used Z-citral is 94 % and thus unchanged in the
buffer control. Interestingly, almost the same proportions are obtained for the respective
samples, which did contain ERED, irrespective of the parallel reduction to citronellal. A
closer look at the overlaid control chromatograms excludes that this shift is solely
caused by hypothetical Z-citral depletion within the cells. It can be seen that the

decrease of the Z-citral peak is connected to an increase of the E-citral peak.
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Figure 45: Control experiments with Z-citral under reaction conditions. The whole cell and purified
reactions using the NCR Arg variant (W66A/I231R/F269V) are compared to buffer control and cell
control reactions with regard to the substrate citral. All samples were shaken for 4 h at 30 °C and
180 rpm. Buffer control refers to 12 mM citrate buffer pH 6 with 2 mM Z-citral, 1 % (v/v) DMSO and
2.5mM NADH added. Cell control refers to 5g/L empty vector containing E.coli TG20+ cells
resuspended in 50 mM MES/KOH pH 6.8 with 2 mM Z-citral, 5 % (v/v) isopropanol and 2.5 mM NADH
added. Controls did not contain ERED. a) Obtained percental normalized citral isomer amount highlights
shifts in the proportion of E to Z. b) Overlay of control chromatograms focusing on Z-citral and E-citral
peaks. It should be noted that the Z-citral standard used for the control reactions contained 6 % E-citral.

The evaluation of the temperature-dependence of the NCR Arg variant
(W66A/1231R/F269V)-catalyzed citral reduction further contributed to an understanding
of this reaction (Figure 46). The reactions were performed as before with reaction
temperatures 20 °C, 30 °C and 40 °C.

The data reveal a significant temperature sensitivity of the reaction. At 40 °C, activity is
almost extinguished and consequently, selectivity values at this temperature lack
accuracy. Lower temperature tends to result in higher activities for E-citral, while for
Z-citral, no preference is visible. Independent of the conditions, similar e.e. values were
obtained for E-citral. As before, significant selectivity alterations are obtained for the
substrate Z-citral comparing whole cells and purified enzymes. In addition, a
temperature-dependence of this deviation is revealed. The enantioselectivity obtained
using whole cells at 20 °C is lower compared to 30 °C. In contrast, the same values are
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measured for both temperatures when using purified enzymes. Hence, the whole
cell-caused deviation is correlated to the reaction temperature. The deviation is lower at
the decreased temperature. The different temperatures also influence the ratio of the
remaining citral isomers (Figure Ap. 12). For whole cell reactions, the trend for both
isomers is: the higher the temperature, the closer the proportion of the citral isomers
tends to reflect the thermodynamic equilibrium, which is roughly 60:40 E:Z. For purified

enzymes no trend is visible.
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Figure 46: Temperature-dependent reduction of citral isomers by NCR triple variant Arg
(W66A/1231R/F269V) as whole cell or purified preparation at 20 °C, 30 °C and 40 °C. E. coli
TG20+ whole cells were applied. All reactions were performed as reaction triplicates of biological
duplicates for 4 h and 180 rpm according to chapters 2.4.1 and 2.4.2. a) Obtained relative activity values.
These refer to the relative product formation in comparison to the reduction of Z-citral by purified
wild-type NCR ERED at 30 °C. b) Associated measured e.e. values. The axis indicates that all reactions

were R-selective. For Z-citral, no product formation was detectable at 40 °C and no e.e. values could be
retrieved.

As described in the initial motivation of the presented project, the final goal for

application in the later cascade reactions was to use the isomeric mixture of citral.
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Therefore, the NCR Arg variant (W66A/1231R/F269V), which was decided to be used
in the establishment of this cascade, was also assessed in the reduction of E/Z-citral
(Figure 47).
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Figure 47: Characterization of the NCR triple variant Arg (W66A/1231R/F269V) as whole cell or
purified preparation in the reduction of E/Z-citral. E. coli TG20+ whole cells were applied. All
reactions were performed as reaction triplicates of biological duplicates for 4 h at 30 °C and 180 rpm
according to chapters 2.4.1 and 2.4.2. a) Obtained relative activity values. These refer to the relative
product formation in comparison to the reduction of Z-citral by purified wild-type NCR ERED. b)
Associated measured e.e. values. The axis indicates that all reactions were R-selective.

For the isomeric mixture of citral, it is also found that in principle, the purified enzymes
give higher product amounts; at least under the conditions that were compared. The
obtained e.e. values for both, whole cells and purified enzymes, were very promising.
They were 89 % R and 85 % R, respectively. Thus, an inversion of selectivity could be
achieved proofing that NCR selectivity can be inverted by enzyme engineering. With
respect to the observed selectivity anomaly, a hypothesis that explains these

observations is deduced in chapter 4.1.4.

3.1.6 Potential of loop engineering

Owing to the structural TIM barrel motif, the active site of EREDs is mainly formed by
loop structures. They can be divided into non-flexible structural elements in the inside
of the protein on the one hand and flexible surface loops on the other hand forming the
entrance to the active site. A structural overlay of NCR from Zymomonas mobilis and
OYEZ1 from Saccharomyces pastorianus reveals that flexible surface loops are motifs in
which these enzymes can differ significantly (Figure 48)."
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Figure 48: Structural overlay of NCR (green) and OYEl (purple) ERED highlighting the
differences in loop 6 for the respective enzymes (pdb ID NCR: 4A3U; OYEL: 10YB). For the sake of
orientation, selectivity determining W66 is shown in red and citral in bold black with turquois highlighted
activated C=C double bond position. Additionally, FMN is displayed as line representation in black.

Previous studies could show that flexible surface loops can also play a significant role
in catalysis and enzyme stability.”> " In these studies loops from different EREDs had
been grafted into the NCR scaffold to assess their influence. Usually, the complete
loops starting from helix to B-sheet had been exchanged. However, the structural
difference of NCR and OYE1 loop 6 had already inspired an alternative exchange
strategy.’* The OYEL1 loop is significantly longer than NCR. Therefore, by structural
contemplation, only the visible elongated part of OYEL was inserted into the NCR loop
(Figure 49).

OYEl

Figure 49: Structural overlay of NCR (green) and OYE1l (purple) loop 6 in two different
representations (pdb ID NCR: 4A3U; OYEL: 10YB). OYEL1 loop 6 is significantly longer than in
NCR. For the generation of a loop-grafted variant, NCR amino acids T268 and F269 (highlighted red in
the right presentation) have been exchanged by displayed OYE1 loop 6 overhang N295-E302."
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Precisely, NCR residues T268 and F269 have been exchanged with OYE1 amino acids
N295-E302. It is notable that this variant had already shown increased catalytic
efficiency in the conversion of another linear aldehyde (2-methyl-2-pentenal).”*
However, none of the loop designs tested had any influence on the citral reduction
selectivity. In these studies, the critical W66 function was yet unknown. Consequently,
as part of this thesis, the described loop-grafting variant was combined with the W66A

variant and assessed with regard to the reduction of both isomers of citral (Table 22).

Table 22: Resulting relative activities rel. act. and enantiomeric excess values e.e. for analytical
reactions comparing NCR ERED and its variants W66A, W66A/F269A and loop 6* W66A in the
reduction of Z-citral and E-citral. Loop 6* refers to an exchange of NCR amino acids T268 and F269
against OYE1 derived loop overhang N295-E302.

E-citral Z-citral

rel. act. [%0] e.e. [%] | rel. act. [%] e.e. [%0]

NCRWT 88 >99 S 100 >99 S
WG66A 66 46 R 79 90 S
W66A/F269A 71 56 R 78 825
loop 6* WG6A 87 60 R 94 76 S

The here presented combination of the previously described loop-grafting strategy with
the W66A variant not only enabled an increase in activity, but also led to an increase in
R-selectivity in comparison to the W66A variant. Though, the increase of R-selectivity
was modest, it exceeded optimizations that were for instance achieved by variant
WG6E6A/F269A. F269 lies on the addressed loop 6 region. These results are an interesting

addition to the potential of engineering loop regions.
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3.2 Development of a chemoenzymatic (-)-menthol
synthesis

In the previous chapter it was demonstrated that the induction of R-selectivity in NCR
ERED for the reduction of E/Z-citral is possible. High R-selectivities can be obtained
applying the evolved ERED. As a next step, the desired chemoenzymatic cascade to
(-)-menthol should be established to demonstrate its feasibility that had not been tested
before. The second enzyme of the desired cascade is an SHC from the thermophilic
bacterium Alicyclobacillus acidocaldarius. Its application in the citral-to-menthol
cascade is remarkable because of the underlying chemistry of this enzyme, which was
reprogrammed to achieve the Prins monocyclization of citronellal to isopulegol.
Naturally, this enzyme catalyzes the cyclization of the roughly three times larger C30
terpene squalene. Siedenburg et al. and Hammer et al. demonstrated that a single amino
acid variation in this enzyme enabled the conversion of citral to citronellal by initial
protonation of the C=0 instead of the terminal C=C double bond.*?*!#*1?8 Next, Bastian
et al. could not only show that the selectivity of this reaction can be guided to provide
(-)-isopulegol formation from R-citronellal, but also that the activity can be increased by
mutagenesis and reaction engineering.'*"**® The therein developed AacSHC triple
variant A419G/Y420C/G600A could be applied in this work to probe the applicability
of such a mechanistically novel enzyme in a valuable cascade reaction. First, it will be
described how the previous reaction engineering optimizations of the citronellal
cyclization could be further optimized to set a basis for the then performed investigation
of the bienzymatic cascade with an ERED. Finally, the preparative scale

chemoenzymatic cascade towards (-)-menthol is presented.

3.2.1 SHC-catalyzed Prins monocyclization of R-citronellal

Bastian found that reaction engineering was crucial to obtain higher product formation
in the cyclization of citronellal.’®® A variation of reaction temperature as well as the
nature and concentration of the surfactant were most relevant. Addition of surfactant
was required due to the fact that AacSHC is a membrane-bound protein. In this work,
the study of Bastian was extended by a combination of these parameters.

A temperature of 20 °C and a Triton X-100 surfactant concentration of 0.1 % (w/v) were

found to increase the activity of AacSHC variants significantly. Twelve different
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AacSHC variants had been tested in mentioned previous study including the wild-type
and variant D376C, which acts as a negative control because the catalytic aspartic acid
D376 has been replaced. In the present work, the same AacSHC variants were tested

under the combined optimal conditions (Figure 50).

0.35 -
0.30 -
0.25 -

5 0.20 -

£ 015 |

S
0.10 -
0.05 -
0.00 -

éQe (\bo QYV QG

\ad \ad \ad \ad \ad \ad \ad
» D S ST
RCAER VA é{b‘

S & S & ¢S
& ) ) Q\QGQQQOQGQ
RS S I I T O I S
vvvv%&%@ﬁ@
L L O
NN N
> X X
Y Y ¥

Q)
SJ»Q@ RS
Al

S

Figure 50: Comparison of different AacSHC variants based on the work of Bastian'®® under

combined optimal conditions at 20 °C and Triton X-100 surfactant concentration 0.1 % (w/v) The
total isopulegol product formation in ¢ [mM] is displayed. The substrate concentration was 2 mM.

Under the tested conditions AacSHC variant A419G/Y420C/G600A displayed the
highest isopulegol formation. In comparison to the wild-type, variant
A419G/Y420C/G600A resulted in a 30-fold increase of product formation.

For AacSHC variant A419G/Y420C/G600A, the above mentioned combined conditions
were further evaluated by comparison with four other selected conditions (varied
temperature and Triton X-100 surfactant conditions) and the diastereoselectivity of
these reactions was assessed (Figure 51). These experiments are an extension of the

optimizations performed in a previous study.'?®

As described above, previous results suggested a Triton X-100 concentration of
0.1% (w/v) and a reaction temperature of 20 °C as suitable conditions for the
cyclase-catalyzed citronellal conversion. Within the scope of the comparison
experiment, the greatest product formations were obtained for these conditions. A
significant impairment in product formation was found for reactions at 40 °C reaction
temperature. The measurement of the diastereoselectivity for all tested conditions
substantiates the reproducibility of AacSHC A419G/Y420C/G600A selectivity

(diastereomeric ratio d.r. = 90.6 £ 1.4 %).
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Figure 51: Comparison of citronellal to isopulegol cyclization by AacSHC variant
A419G/Y420C/G600A under varying conditions as depicted. a) Activity as total isopulegol product
formation in ¢ [mM]. b) Obtained diastereoselectivity values presented as diastereomeric ratios d.r. in %.
Triton X-100 surfactant concentrations refer to % (w/v). The substrate concentration was 2 mM.

Next to the confirmation of the variant’s reported diastereoselectivity, the enantiomer
specificity was probed. A test reaction with the AacSHC variant A419G/Y420C/G600A
using S-citronellal as substrate demonstrated the specificity of this enzyme for
R-citronellal cyclization (e.e.>99 % R) as no isopulegol products were detectable. In
addition, chiral isopulegol analysis that was produced from R-citronellal by the AacSHC
variant confirmed the production of (-)-isopulegol excluding a racemization reaction
(Figure Ap. 13 & 14).

3.2.2 Characterization and optimization of bienzymatic ERED-SHC
cascade

Initially, the principal compatibility of ERED and SHC catalysis had to be proven,
because so far this had not yet been described before. Therefore, initial tests were
performed characterizing this bienzymatic cascade. One potential limitation for the
bienzymatic cascade lied in the membrane-associated nature of the tested SHC, which
in vitro requires the addition of surfactants to maintain catalytic function. Besides, the

cyclization of citronellal is also a non-natural function of this cyclase and was therefore



3. Results 112

expected to be limiting in a bienzymatic cascade. For a very early proof of principle
experiment, these considerations accounted for the simple addition of an ERED and
NADH to a known cyclase reaction setup. As the experiment was conducted before the
identification of an R-selective ERED, it was decided to use an alternative S-selective
version of this cascade. In fact, wild-type NCR was combined with AacSHC 1261A, a
highly S-specific cyclase exclusively producing (-)-iso isopulegol (e.e. and d.r.
>99 %).** To a reaction setup as described in chapter 2.4.4, 50 ug/mL NCR and
2.5 mM NADH were added. Citronellal was substituted by citral as substrate and the
triplicate reaction was extracted after 70 h. Indeed, (-)-iso isopulegol was detected by
GC/MS proving the principle compatibility of both enzymes and setting the basis for the
below mentioned reaction evaluations. With 2.3 % product formation this initial
reaction test offered many options for optimizations of which some were already
described for the application of the R-specific AacSHC A419G/Y420C/G600A in the
previous chapter.

Next to demonstrating the desired cascade reactivity, the experimental exclusion of
background reactivity and thus the link to enzymatic catalysis was equally important.

This was addressed by scrutiny of several negative controls (Table 23).

Table 23: Conditions for negative controls performed to link the conversion of citral to isopulegol
via citronellal to the catalytic action of the bienzymatic ERED-SHC cascade.

probed conditions

citral in buffer solution
citronellal in buffer solution
citral and NADH
citronellal and NADH
citral and SHC
citronellal and ERED
citral and E. coli cells with empty vector
citronellal and E. coli cells with empty vector

As listed above, 500 pL samples in 2.5 mL glass vials contained additives
as follows: 5 mM citral or 2 mM citronellal in 12 mM citrate buffer at
pH 6 with 5% (v/v) isopropanol; 2.5 mM NADH; 2.5 mg/mL AacSHC
wild-type; 0.5 mg/mL NCR wild-type; 10 g/L cells both, E. coli TG20+
and E. coli BL21(DE3) strain were tested separately containing either
pDHE or pET-28a(+) empty vectors; all negative controls were incubated
for 5 hat 20 °C and 600 rpm as triplicates. Further workup as described in
chapter 2.4.6.

The negative controls were selected to test if either citral reduction or citronellal
cyclization is observable i) spontaneously in buffer solution, ii) by NADH-induced

catalysis, iii) by catalysis of the second enzyme in the cascade meaning reduction by
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cyclase or cyclization by the reductase, iv) by E. coli cells containing empty vector. For
the tested conditions neither ene reduction nor cyclization could be detected by GC/MS.

These experiments confirm the functionality of the bienzymatic cascade.

After the principal feasibility of this novel bienzymatic ERED-SHC cascade was
shown, basic experiments have been performed to provide an initial characterization.
The motivation was to generate a first understanding of the reaction system and to
thereby identify crucial parameters that allow for reaction optimization. All of the
following investigations have been performed using the combination of the R-selective
NCR W66A/I231R/F269V variant and the R-specific AacSHC A419G/Y420C/G600A
variant converting citral to (-)-isopulegol with R-citronellal as intermediate. For the
following presentation of results these variants are consequently referred to as ERED_R
and SHC_R. If not mentioned otherwise, these experiments have been performed using

purified enzymes to provide a better control of the reaction system.

Based on the reaction optimizations described for the separate AacSHC reaction
(chapter 3.2.1) and the performance of the engineered NCR variant (chapter 3.1.5),
initial reaction conditions for the bienzymatic cascade were chosen (chapter 2.4.5).
Further on, these conditions are denoted as “reference conditions” because all evaluated
parameters were altered with respect to these conditions to allow comparison. First, it
should be evaluated how the reaction proceeds with time. A time course of the reaction

was obtained by stopping the reaction after different reaction periods (Figure 52).
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Figure 52: Time course of the ERED_R SHC_R citral to (-)-isopulegol cascade. The (-)-isopulegol
product formation in ¢ [mM] is plotted against the reaction time t [h]. The time course was determined for
the chosen reference conditions as described in chapter 2.4.5. Separate reactions were conducted under
reference conditions as described in chapter 2.4.5 and each single reaction was stopped at the depicted
time points. The citral substrate concentration was 2 mM.
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The time course shows that isopulegol is formed up to a plateau concentration of about
0.13 mM. Within the first hour of the cascade reaction, isopulegol can be detected.
However, the production rate declines rapidly. An overlay of chromatograms at
different reaction time points highlights that the ene reduction proceeds considerably
faster than cyclization (Figure 53). After 5 min, the relative peak area (referred to the
sum of educt and product areas) of citronellal already amounts 37 %, whereas
isopulegol just starts to be produced (< 1 % relative peak area). The preferred reduction

of E-citral by NCR_R can be confirmed by this measurement (chapter 3.1.5).
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Figure 53: Overlay of chromatograms for bienzymatic cascade reactions employing ERED_R and
SHC_R for conversion of citral at the displayed reaction periods 0 min (purple), 5 min (green), 2 h
(red) and 5 h (black). Separate reactions were conducted under reference conditions as described in
chapter 2.4.5 and each single reaction was stopped at the depicted time points. The substrate
concentration was 2 mM.

In comparison to the separate AacSHC reactions, it seemed that the cascade yields lower
product formations. Therefore, both reactions were directly compared in a novel
experiment (Figure 54). Both reactions were conducted under similar conditions. In the
AacSHC reaction, citral was substituted by citronellal and no NADH and ERED was
added. In one additional sample it was tested how the AacSHC reaction proceeds in the

presence of additional 1 mM citral.
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This experiment confirms that the cascade reaction leads to a roughly four-fold decline
in isopulegol product formation. The addition of 1 mM citral also diminishes product
formation. However, with a 0.75-fold decrease in product formation, this diminishment

is less pronounced.
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Figure 54: Comparison of bienzymatic cascade reaction with AacSHC reactions. The bienzymatic
cascade reaction refers to the reference conditions as described in chapter 2.4.5. The SHC reaction refers
to the same conditions without added ERED and R-citronellal as substrate instead of citral. The effect of
additionally supplementing 1 mM citral to this AacSHC reaction was also evaluated. The obtained
product formations are presented as the measured isopulegol concentration ¢ [mM]. The substrate
concentration was 2 mM.

Further experiments were motivated by finding parameters that might optimize the
reactivity (Figure 55). Based on the time course data, a reaction time of 5 h was chosen
as suitable reference time point. From the evaluations of ERED and SHC reactions, it
was known that the reaction temperature can be a crucial parameter. For both single
enzymes a lower temperature of 20 °C was preferable over higher temperatures. For the
cascade both, a decrease to 15 °C and an increase to 25 °C led to an about 40 %
decrease in isopulegol formation. Next, isopropanol and ethanol were tested as
alternative cosolvents in two different concentrations. Isopropanol was selected as it
was a viable alternative in the previous work with EREDs and ethanol was selected as
alternative polar protic solvent. While ethanol caused a two-fold activity decrease,
isopropanol could increase isopulegol formation in the range of 10-30 %. The increase
required addition of 5 % (v/v) isopropanol, because the lower amount of 1 % (v/v)
caused decreased isopulegol formation. The above described time-resolved analysis of
the bienzymatic cascade (Figure 53) added to the suggestion that the cyclase is the
bottleneck in productivity. A lower (1 mg/mL) and higher (4 mg/mL) enzyme
concentration was compared to the reference amount of 2.5 mg/mL. Higher enzyme
concentration seems to correlate with higher product formation but the trend does not
seem to be linear. While the increase from 1 mg/mL to 2.5 mg/mL optimizes yield by
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about 100 %, the further increase to 4 mg/mL only adds 20 %. A similar trend is seen
for the substrate concentration. Increases of 60 % and 160 % from 0.5 to 1 mM and
from 1 to 2 mM citral were observed, while the use of 10 mM resulted in the same

isopulegol amount as 2 mM.
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Figure 55: Evaluation of reaction parameters for the bienzymatic cascade of an ERED variant and
an AacSHC variant. Each parameter was singly varied with respect to a reaction under reference
conditions (dark column) as described in chapter 2.4.5. The obtained product formations are presented as
the measured isopulegol concentration ¢ [mM]. a) Variation of reaction temperature. b) Variation of
added cosolvent used as % (v/v). c) Variation of cyclase concentration. d) Variation of substrate
concentration. e) Variation of enzyme preparation. “Pure” refers to the use of purified enzyme and “cell”
to the alternative use of 10 g/L ERED containing E. coli TG20+ and 100 g/L AacSHC containing E. coli
BL21(DE3) cells. f) Variation of the gas volume above the reaction solution. The gas volume variation
was achieved as follows: 2 mL by using 500 pL reaction in 2.5 mL vessel; 1 mL by using 500 pL
reaction in 1.5 mL vessel and 0 mL by using 1100 pL reaction in 1.1 mL vessels. If not stated otherwise,
the citral substrate concentration was 2 mM.

Furthermore, the use of whole cells instead of purified enzymes was evaluated to assess
their principle applicability. This work also demonstrated that an increased R-selectivity
can be achieved if ERED_R is applied as whole cell preparation (Figure 47,
chapter 3.1.5). As SHC_R is specific for the conversion of R-citronellal, it was assumed
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that an increased selectivity in the reduction reaction might be reflected by an increased
isopulegol formation in the bienzymatic cascade. The results of the combination of
purified cyclase and whole cell-based ERED hints to a confirmation of this assumption.
However, the obtained concentration value shows a rather large standard deviation. The
use of AacSHC-containing E. coli BL21(DE3) cells for test purposes suppressed the
activity of the bienzymatic cascade reaction almost completely (chapter 4.2.2). Finally,
the impact of the gas volume in the samples was tested and found to be crucial for
isopulegol detection in the liquid phase. Removing the gas phase by completely filling
the reaction vessel with reaction solution increased detected product formation more
than four-fold. Further increased product detection could be achieved after elongated
reaction time of 48 h, which corresponds to a theoretical yield of 25 % (proportion of
measured citronellal concentration to the used citral concentration). Future studies could

further evaluate varied ERED concentrations.

Finally, these experiments provide a first identification of relevant parameters and an
initial understanding of this novel cascade. The small data set already proves that

significant improvements can be achieved. This is a vital basis for future investigations.

3.2.3 Preparative chemoenzymatic (-)-menthol synthesis

In the previous chapters it was described how R-selectivity was successfully engineered
in the formerly S-selective NCR ERED and how this enzyme could be combined with a
promiscuous R-specific AacSHC variant to synthesize (-)-isopulegol, which is the
precursor of (-)-menthol, the target compound of the here presented project. Now, it will
be described how chemical hydrogenation can be added to demonstrate the possibility
to synthesize (-)-menthol in the chemoenzymatic cascade (Figure 56). A
preparative-scale approach was chosen in order to allow for structural product
characterization by NMR and IR spectroscopy.

A 1) one-pot enzymatic reductive cyclization
N >
| O 2) chemical hydrogenation Y OH

PN
E/Z-citral (-)-menthol
Figure 56: Schematic presentation of the chemoenzymatic cascade synthesis of (-)-menthol from

E/Z-citral. First the one-pot ERED-SHC bienzymatic cascade is performed followed by direct chemical
hydrogenation.
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For the chemoenzymatic cascade, first the one-pot bienzymatic cascade was performed
followed by direct hydrogenation with hydrogen gas over a heterogeneous catalyst. 5 %
palladium on charcoal was chosen as a well-studied and robust hydrogenation catalyst
that can also exert catalysis at room temperature.*®® In this preparative-scale approach
0.6 mmol citral educt were used, which correlates to a maximum theoretical yield of
93.8 mg menthol. The synthetic scale considered that based on the known performance
of the bienzymatic cascade, no complete conversion to the intermediate isopulegol
could be expected as well as possible product losses during menthol isolation. The
experiences from analytical scale investigations and practical considerations guided the
choice of the reaction set-up for the initial bienzymatic cascade (chapter 2.5). 5 mM
citral (0.6 mmol) was reacted in a total volume of 120 mL. Because gas phase removal
increased product recovery significantly in analytic reactions, 20 mL air-tight headspace
vials were used as reaction vessels. Consequently, the total 120 mL approach was
splitted to six 20 mL approaches and recombined for subsequent hydrogenation. Each
headspace vial was additionally sealed using parafilm. The reaction took place for 22 h

at 20 °C and 250 rpm. Reaction progress was probed by GC/MS sampling after 2 h, 5 h
and 22 h (Figure 57).
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Figure 57: Overlay of 2h (purple), 5h (gray) and 22 h (green) sample chromatograms of
bienzymatic reaction part of preparative (-)-menthol synthesis. The preparative reaction was
performed as described in chapter 2.5. At presented time points 250 pL samples were taken from the
same reaction via the GC vial septum and extracted (chapter 2.4.6).
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The samples show that over time, citral is completely converted. Some nerol/geraniol is
detected after 2 h and 5 h, but disappeared after 22 h. The citronellal amount detected
after 2 h is clearly diminished after 5 h and is not detectable after 22 h. In reciprocal
correlation to citronellal, the citronellol amount increases. In contrast, isopulegol
formation did not proceed further after 2 h, but instead the amount of isopulegol
remained roughly constant in all measured samples. Referencing to the sum of educt

and product peak areas, 32 % isopulegol formation is calculated.

After 22 h, the six 20 mL reaction solutions were combined without further workup, the
heterogeneous catalyst (5 % (w/w) Pd/C) was added and the reaction mixture was stirred
in a hydrogen atmosphere at room temperature. Again, samples were taken using a
septum to follow the reaction by gas chromatography (Figure 58). Here, the decrease in
isopulegol proportion is linked to the increased formation of menthol. After two days no
further increase in menthol production was observed. From the final chromatographic
sample some conclusions are drawn (Figure Ap. 15). Integrating all educts and
products, 31 % menthol are obtained with a diastereomeric ratio of 92 %, while 6 %
unreacted isopulegol remain. Furthermore, 63 % 3,7-dimethyloctanol is formed as the

only byproduct.
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Figure 58: Progress of isopulegol hydrogenation to menthol in the preparative-scale
chemoenzymatic cascade approach. The relative peak area as obtained by GC/MS is plotted against the
sampled reaction time t [h]. Peaks areas of substances are referenced to the standard 1-decanol that is
contained in the extraction solvent. The hydrogenation reaction was performed as described in
chapter 2.5. At presented time points 250 pL samples were taken from the same reaction via a septum and
extracted (chapter 2.4.6).

First workup steps included filtration and extraction of the menthol-containing reaction

solution (chapter 2.5). After removal of the organic phase in vacuo a yellow liquid was
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obtained. The liquid contained 5 % isopulegol, 29 % menthol and 66 % of the
byproduct (relative peak areas). This raw product was separated by flash column
chromatography over silica. 6.3 mg of menthol crystals could be isolated after removal
of the eluent, which refers to an isolated yield of 6.7 %. During evaporation, menthol
could be identified clearly by its characteristic minty smell. As the smell suggested a
yield lowering co-evaporation of the menthol product, a trade-off between yield and
purity was sought. The characteristic pleasant minty smell with a slight stingy note
adhered to the finally obtained transparent crystals. The obtained product was
characterized by 'H- and *C-NMR (Figure Ap. 16 & 17) analysis as well as IR
spectroscopy (Figure Ap. 18) confirming the isolation of menthol. By comparison with
literature data all 'H signals could be assigned to the respective menthol protons
(Figure Ap. 16).™* However, NMR analysis also revealed residual amounts of
isopulegol in the sample. Integration of the characteristic alkene protons in isopulegol in
comparison to the menthol proton adjacent to the alcohol function allowed quantifying
menthol purity as 93 % (Figure Ap. 19). Chromatographic analysis confirmed the
beforehand determined diastereomeric ratio of 92 % and enantiomeric purity of the
isolated (-)-menthol. Next to menthol, 15.5mg (16.3 % isolated yield) of the
3,7-dimethyloctanol byproduct were purified as colourless liquid, which possessed a
rose-like scent. The side product was characterized by 'H- and **C-NMR
(Figure Ap. 20-21)

In conclusion, it could be shown as proof of principle that the invented chemoenzymatic
cascade enables the synthesis of (-)-menthol. The novel engineered enzymes could be
combined and be complemented by chemical synthesis to illustrate an alternative
synthetic access to this valuable aroma chemical. However, the yield and purity of the

obtained (-)-menthol allow space for further improvements.
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4. Discussion

Enzymes are powerful catalytic macromolecules that nature evolved to enable the
molecular complexity of life.! From a chemical point of view these biocatalysts achieve
reactivities and selectivities under ambient conditions that are usually unmatched by
‘classical’ chemistry.>*® Today several reports have shown that enzymes are not
restricted to the conversions in nature and provide a valuable novel synthetic alternative
or complement to the existent chemical repertoire.>* This is underpinned by the fact
that several enzymes are nowadays already used in industrial syntheses.®"!™
Nevertheless, the increasing scientific examples of multienzymatic and
chemoenzymatic cascades highlight that there is a yet unlocked synthetic
potential.}>16138142144 N1greover, genetic modification of enzymes can provide high
adaptability to synthetic needs.**"*"*1"2 However, the current challenge is to study the

broader applicability of these techniques to solve various synthetic challenges.

The presented results prove that by exploitation of genetic engineering novel
biosynthetic pathways can be established. Though recently various successful
combinations of biocatalysts with ‘classical’ chemical reactions were reported, few
examples have actually assessed the even greater opportunities that arise with using
enzyme engineering. Herein, this was successfully demonstrated by establishing a novel
chemoenzymatic cascade synthesis of the industrially relevant aroma chemical
(-)-menthol from E/Z-citral.
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4.1 ERED engineering towards R-selective citral
reduction

By means of a combination of hot-spot identification through site-directed mutagenesis
and subsequent iterative site-saturation mutagenesis at these hot-spots, it was possible to
invert the enantiopreference of NCR ERED in the reduction of both isomers of citral.
While the wild-type enzyme was exclusively S-selective in this conversion, the NCR
triple variant W66A/1231R/F269V is R-selective achieving up to 89 % enantiomeric
excess in the conversion of E/Z-citral (for purified enzyme 40 % relative product
formation in comparison to NCR wild-type). This is relevant for a subsequent reaction
sequence that aims to specifically yield the (-)-menthol sterecisomer because for this

purpose S-citronellal is stereochemically not suited.

Before discussing the details of the engineering strategy that led to the development of
this novel catalyst, findings on the mechanism of the NCR ERED-catalyzed citral

reductions are evaluated.

4.1.1 Insights on the oxidative half reaction of NCR ERED with citral as
oxidant

Different computational methods were applied throughout the herein described thesis to
complement or explain the experimental results regarding the engineering of NCR
ERED. In a collaboration with Dr. Wolfgang Brandt from the Leibniz Institute of Plant
Biochemistry in Halle (Saale), Germany, it was also envisioned to correlate calculated
activation barriers of the reduction of citral by NCR variants with altered
enantioselectivity. To achieve this, semi-empiric quantum mechanics calculations based
on the method PM7 have been performed. Surprisingly, however, this initial motivation
couldn’t be realized because the mechanism described in literature” (here it is called the
‘classical mechanism’) of the oxidative half reaction of EREDs failed to result in an
exergonic reaction, which is a thermodynamic requirement for the reaction to take place
by itself.” In consequence, alternative reaction paths were sampled computationally. It
should be highlighted that because of the simplifications of the applied method, the
following results require additional computational and experimental confirmations.

Nevertheless, these calculations are insofar significant that they point out several
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aspects of the oxidative half reaction in EREDs that we might not have fully understood

yet.

The endergonic result of the initial calculation according to the ‘classical mechanism’
(Figure 13; chapter 1.3.2) is probably caused by a resulting charge separation that
results if the hydrogenation of the C=C double bond happens by hydride transfer of the
FMNH, species and a hydrogen transfer from a catalytically active tyrosine (Y177 in
NCR). A beforehand neutral constellation is changed to a charge-separated state
involving a negatively charged tyrosine and a positively charged flavin. By structural
consideration of the NCR enzyme, it was found that an arginine in position 224 could
serve as a base that would justify the often assumed FMNH™ species that partially
compensates the above-mentioned charge-separation issue and therefore facilitates the
hydride transfer (Figure 59). This acid base reaction causes itself a charge separation.
However, the reaction will most likely form equilibrium. Moreover, the flavin becomes
neutral by the subsequent hydride transfer. And indeed, calculations confirmed that this
transformation is likely to happen. To the best of knowledge, this is the first calculation
result that confirms such a catalytically relevant function for this arginine. So far, the
arginine was reported to be mainly relevant for stabilizing the phosphate moiety of the
flavin in the protein structure.®® However, in the discussion of the crystal structure of
the OYE plant homologue OPR1 from Solanum lycopersicum such a role of this highly

conserved arginine has been hypothesized.'™
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Figure 59: Generation of FMNH™ species due to prior deprotonation of FMNH, by R224 in NCR
ERED. The generated negative charge facilitates a subsequent hydride transfer of the flavin as indicated
by dashed arrows.

Furthermore, a potentially alternate reaction path (Figure 28, chapter 3.1.1) was
calculated to be energetically feasible within the scope of the applied method. As in the

‘classical mechanism’ it involves the hydride transfer from the N5 position of the above
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justified FMNH™ species, but the initial proton is transferred from a hydrogenated
histidine species to form an enol intermediate. It rearranges in the active site and is then
transformed by an enzyme-catalyzed keto-enol tautomerization, which involves the
tyrosine that is typically described to be catalytically relevant (Y177 in NCR), but also
an additional water molecule. In sum, this reaction therefore proceeds non-concerted
with respect to hydride and proton addition to the activated C=C double bond. In the
following, features of the mechanism and its relevance in comparison to experimental

results are discussed.

For the hydride transfer 30.1 kcal/mol was calculated as activation barrier. This high
activation barrier is theoretically reasonable in light of the significant hydrogen
tunneling contribution that was found experimentally for both, the reductive and the
oxidative half reaction in the MR ERED-homologue from Pseudomonas putida
M10.52%

The assumption of a protonated histidine (H172 in NCR) that results the enol
intermediate needs further affirmation. Referring to the histidine side chain pK, value of
about 6, this possibility can be theoretically considered.'”> Moreover, it should be taken
into account that the surrounding protein environment influences the actually present
pK, value of the amino acid residue. In contrast, based on an OYEL crystal structure, it
has though been argued as well that the present hydrogen bond network might render
the histidine not to function as an acid as described here.®® Furthermore, NCR variant
H172A was shown in this work to possess residual activity in the reduction of citral.
However, it should be mentioned that the herein described enol species might in theory

also be formed by means of a different hydrogenation pathway.

Especially in light of the found rearrangement and H shift leading to a keto-enol
tautomerism, it is interesting to discuss two experimental results, which are not in
accordance with the so far described mechanism. For example, several studies have
been published reporting on variants of the conserved tyrosine residue (in NCR Y177)
that are still fairly active including findings that have been made in this work
(chapter 4.1.2).”*%%8 This is in contrast to initial findings of an inactive OYE1 ERED
Y196F variant from Saccharomyces pastorianus that substantiated the definition of the
role of this tyrosine initially. It appears that this behavior varies among different
EREDs. It is relevant that the herein described mechanism also involves this tyrosine

and thus confirms a catalytically important function. However, water is also involved in
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the hydrogen shift reaction. It has been hypothesized previously in the above-mentioned
knock-out studies that water could substitute the role of the tyrosine. The herein
described calculations can be understood as a confirmation of such hypothesis. It should
be highlighted that a more complex water network, that has not yet been considered,
might be involved in the overall reaction. The second experimental finding refers to a
study of Brenna etal. investigating the ERED-mediated hydrogenation of
tetra-substituted alkenes. In their study they also found evidence for syn-addition
products for some substrates instead of the generally described trans-addition.'™
According to the classically described direct protonation from tyrosine only
trans-addition products should be formed. In contrast, the herein described
rearrangement of the enol intermediate theoretically also allows for the formation of

syn-addition products.

Despite of the fact that these experiments support the calculated finding that the
protonation mechanism in the oxidative half reaction might be more complex, these
calculation results stand in contrast to recent QM/MM calculations that studied the
oxidative half reaction in the thermophilic ERED YqjM from Bacillus subtilis using
cyclohexanone as the oxidant. In their study they concluded a confirmation of the
proton-donating role of the catalytic tyrosine in the enzyme although they found a
non-concerted reaction involving an enolate intermediate.*’” It should be mentioned that
this does not affect the findings regarding the potential role of R224 because in their
study, an FMNH™ species was assumed in the QM calculation part. As in contrast to
semi-empiric calculations, QM/MM calculations consider the protein backbone in the
MM part of the calculation, they usually result in more accurate results.**> Nevertheless,
the different experimental outcomes of the reduction of various substrates by different
ERED members also underpin the possibility that also mechanistic details differ in
different family members. It might be that the calculation results are restricted to the
chosen example of citral reduction in NCR. In summary, the herein presented
mechanistic results need further investigation, which involves additional experiments
and complementary calculative confirmations. For example, variations at position R224

could further elucidate the role of this amino acid for the NCR ERED mechanism.
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4.1.2 Implications of the performed mutagenesis study on NCR ERED

During the mutagenic reshaping of NCR ERED for the asymmetric reduction of citral
several observations were made and their implications will be discussed step by step.

NCR ERED differs strongly in the enantioselectivity control of the two

isomers of citral:
An intriguing property of NCR ERED is its strict enantioconvergent reduction of both
isomers of citral, E and Z, to S-citronellal with an e.e. > 99 %. Hence, it was a surprising
result to find that variants of this enzymes displayed significantly differing selectivity
results for the two isomers. This was for example already apparent in the first round of
site-directed mutagenesis (chapter 3.1.2). From 28 variants, only seven showed an effect
on the enzyme’s enantioselectivity using Z-citral, while 12 affected the
enantiopreference when using E-citral. The difference is for example especially
illustrative for active site single variant W66A. It’s enantioselectivity in E-citral
reduction is already inverted (46 % R), whereas for Z-citral a wild-type-like selectivity
is observed (90 % S). The performed molecular docking study of both isomers into the
wild-type crystal structure of NCR ERED (pdb ID: 4A3U) yields a visualization that
allows for a possible conformational explanation of this so far not described observation
(Figure 60). The simulation verified the S-selectivity of the wild-type because no
R-selective binding modes were calculated. However, this is apparently achieved by a

tilted positioning of the enal group.

NCR wild-type

Z-citral
Y177 citra

E-citral

H172

Figure 60: Overlay of molecular docking structures of Z-citral (purple) and E-citral (green) in NCR
wild-type to highlight tilted binding of the isomers. In addition, prosthetic group FMN and amino acid
residues W66, H172, N175 and Y177 are presented in gray for orientation. Citral oxygen is shown in red.
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NCR W66 acts as a leverage position for inverted citral reduction
enantioselectivity:

The present mutagenesis study suggests that initial access to R-selective citral reduction
by NCR ERED requires variation at position 66. Several findings underpin this
hypothesis.

First, position 66 was the only residue to significantly influence NCR ERED citral
reduction enantioselectivity in the first round of an active site mutagenesis study. In
contrast to all other tested 27 variations, the W66A change alone already caused an
inversion of the enantioselectivity in the E-citral reduction (from 99 % S to 46 % R).
Interestingly, this variant exhibited retained wild-type-like activity. Furthermore, the
performed site-saturation mutagenesis at position 66 discloses the huge effect of
alterations at this location on the enantioselectivity in the reduction of citral, especially
for E-citral conversion. Herein, a focus on mostly unpolar amino acid residues shows a

clear correlation to a steric effect at this position (Figure 61).
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Figure 61: Saturation mutagenesis of NCR position 66 selecting e.e. value results for E-citral
reduction to highlight a steric trend. Mostly unpolar amino acids are depicted according to decreasing
amino acid side chain volume.’®™ As an exception, the smallest polar amino acid aspartic acid is also
displayed. Results are derived from a site-saturation mutagenesis study at position 66 as presented in
chapter 3.1.2 (Figure 32).

With decreasing side residue volume, the R-selectivity of the enzyme increases. The
selected representation of an aspartic acid, however, also highlights that not only steric
effects can guide the enzyme’s enantioselectivity. The W66D variant is S-selective in
the reduction of citral, although it is the smallest canonical polar amino acid in terms of
side chain volume. This suggests that polar effects can control enantioselectivity as
well. In this case it even overrides the steric possibility of an R-selective binding mode.



4, Discussion 128

The likely explanation of this observation is a repulsion of the unpolar citral prenyl
residue and the polar aspartic acid residue. Finally, a molecular docking simulation
using an in silico generated NCR WG66A variant confirmed the relevance of this
variation for inverted citral binding modes that allows R-selective conversion of this
substrate (chapter 3.1.2, Figure 33). While docking in the NCR wild-type only resulted
in S-selective binding modes, docking into W66A also gave a flipped substrate

orientation in line with measured inverted enantioselectivity for E-citral.

When comparing to other ERED selectivity studies, position W116 from OYEL1 attracts
attention. In the conversion of the monoterpene substrate carvone, alterations at this
position caused selectivity inversions.'” However, it should be noted that W116 in
OYEZ1 corresponds to NCR W100 and not W66. Interestingly, changes at W100 had no
significant effect on the citral reduction enantioselectivity in NCR. Nevertheless, taking
YqjM ERED from Bacillus subtilis as an example, Reetz et al. previously classified
position 66 (corresponds to 69 in Y(qjM) as one of several potential selectivity hot-spots
in an exemplary ISM approach.!® In this first described ISM strategy,
enantiocomplementary variants of YqjM in the reduction of cyclopentenone and
cyclohexanone derivatives were successfully created. Interestingly, alterations at YqjM
position 69 only affected the selectivity significantly when combined with alterations at
YqjM position C26 (C26 corresponds to T25 in NCR). This is a difference to the
present NCR mutagenesis study towards citral reduction. Here, W66 alone significantly
affected enantioselectivity, while combinatorial changes at W66 and T25 were not
beneficial and even had a deleterious effect on the activity (chapter 3.1.2). A further
relevant study that aimed to engineer selective variants of OYE2.6 ERED from
Scheffersomyces stipitis CBS 6054 based on an iterative site-saturation approach was
described by the Stewart group focusing on Baylis-Hillman adducts.®” They described
a relevant mutagenic and non-additive correlation of residues Y76 and 1113
(corresponds to W66 and W100 in NCR) in order to achieve inverted selectivities in
OYEZ2.6 for the tested substrates. In light of the superior importance of W66 in NCR
and the fact that no such correlation to W100 was found at all, this underpins again the
individuality of mutagenic studies with different enzyme family members on different
substrates. In this regard, the findings of the Pietruszka group are insightful.}”® They
state that it is generally difficult to predict enantioselectivities on the basis of the protein
sequence. Their study contradicted another publication that proposed that this would be

possible.’® Nevertheless, regarding the conversion of the same substrate, Hébenreich
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et al. were able to show that in principle, the amino acid alterations in one engineered
stereoselective ERED can be transferred to related enzyme family members.'®" Based
on the above described study in YQjM they created additional stereocomplementary
pairs in RmER from Ralstonia metallidurans, DrER from Deinococcus radiodurans,
TSOYE from Thermus scotoductus SA-01 and also NCR from Zymomonas mobilis.
Nevertheless, they conclude that it is generally difficult to predict selective outcomes in
EREDs. In this regard, it is worth mentioning a structural study on GIUER from
Gluconobacter oxydans, which is sequentially and structurally closely related to NCR
ERED (~70 % identity) and shares for example the W66 and W100 residues.*®* Among
other variations, they tested W66A and W100A single variants in the conversion of
carvone and citral, however, without analyzing the stereoselectivity. It is quite
surprising that in this closely related enzyme they found completely abolished catalytic
activity, which is in contrast to the same variations studied in this work and also
contradicts the concept of a general transferability of variations between even closely

related enzymes for the conversion of the same substrate.

Synergism of variations at NCR 1231 with W66A significantly increases

citral reduction R-enantioselectivity via a secondary effect:
In this study it could be shown that next to alterations at NCR W66, additional changes
at 1231 are crucial to further increase the initially obtained R-selectivity in the reduction
of citral. For example, in the whole cell screening, the double variant W66A/1231P
already displayed an enantiomeric excess of 91 % R in the conversion of E-citral
(chapter 3.1.5).

This result of the iterative site-saturation strategy strongly suggests that the changes at
positions 66 and 231 are cooperative in terms of their effect on citral reduction
selectivity. The effect of double variations at these positions is greater than the sole sum
of the respective single variants. This effect is known as epistasis, which can be seen as
a general term to describe non-additive cooperative effects.”® Here, the special case is
that a phenotypic outcome (selectivity enhancing effect by 1231 change) is only
observable upon introduction of an additional gene variation (W66A). Some functional
changes in enzymes rely on specific key amino acids like the here proposed leverage
W66 position for the selectivity change in the reduction of citral.

This also characterizes for example observations made for the selectivity effect of NCR
N175. The initial first shell mutagenesis strategy that probed single variation in NCR
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active site revealed no selectivity function (chapter 3.1.2). However, upon introduction
of a W66A variation, the position suddenly affected selectivity strongly. The alanine
and phenylalanine variations resulted in opposite selectivities for reduction of E-citral
(either 63 % R or S, respectively). It should be noted that position N175 was not
considered as a target site in the site-saturation combination screen because all variants
proved to be detrimental for the reduction activity. The effect of catalytically important

amino acids on the selectivity is discussed later.

Intriguingly, both of these epistatic effects (W66 with 1231 and W66 with N175) seem
to be intertwined as molecular dynamics simulation suggests (chapter 3.1.5). The
simulated W66A/I231P variant revealed a pronounced flexibility of the N175 position.
Because of the known selectivity function at position 175, the implication is that
alterations at positions 231 exert their function through an influence on position 175.
The increased flexibility of N175 might for instance effectively block locations for
S-selective binding modes (Figure 62). However, the variant is not completely
R-selective, especially for Z-citral. Considering mentioned N175 flexibility this might
be reasonable because then, statistically, there would be N175 configurations that do
allow for S-selective binding. In other words, the flexibility does only decrease the
probability of a protein conformation that does allow S-selective conversions and hence,
some S-selective reductions are still observable. Fixing conformations that block
S-selective binding without hampering the catalytic machinery, is the theoretical

solution to a completely R-selective enzyme.

Figure 62: Modelling of E-citral binding mode into an overlay of different snapshots of the MD
simulation of NCR W66A/1231P variant. The E-citral binding mode was obtained from docking into
NCR wild-type. The model highlights potential steric clashes between the in the MD simulation
calculated highly flexible depicted N175 (purple) and S-selective binding of citral (light green with
oxygen in red and hydrogens in white). An exemplary distance between citral and one orientation of
N175 is measured to 1.2 A (depicted red). Prosthetic group FMN (dark green) is depicted for orientation
and the protein backbone is indicated by ribbon structure. The overlay structure of the MD simulation
consists of snapshots after 50, 500, 875, 1250, 1750, 2525, 3475, 4150, 4500 and 4925 ps.
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These considerations of epistatic effects that are pivotal for successful engineering of
specific traits also point out that the chosen strategy will most likely have missed more
beneficial epistatic interactions. This is an inevitable consequence of the selection for a
specific library generation method. However, this highlights that enzyme engineering
strategies need to be guided by the objectives of the mutational study. What are the
resources that one wants to spend on engineering? Is there a suitable screening system?
How many features should the optimized enzyme provide? This work and previous

106,107

studies show that simple libraries can also provide significantly improved

enzymes.

Furthermore, with regard to the herein found W66 1231 correlation it is interesting to
note the finding of another study that an Y78 Y246 pair (corresponds to W66 1231 in
NCR) in the plant-derived ERED homologue OPR1 acts as a substrate filter for the ene
reduction of a precursor in the biosynthesis of jasmonic acid.'®® Hence, combinatorial

specificity controlling effects at these sites are not completely unknown.

Alterations at F269 on a flexible surface loop can fine-tune citral

reduction in NCR:
The finally best-performing variant in the R-selective reduction of citral was NCR
WG66A/1231R/F269V. Using the variant as whole cell preparation in the conversion of
E/Z-citral, an enantiomeric excess of 89 % R was determined. This is notable in light of
the fact that the NCR wild-type converted the mixture with >99 % S. Although
mutagenic combinations of W66 and 1231 already resulted in pronounced R-selective
enzymes, additional variations at position 269 were found to be essential to further
improve the selectivity. However, in contrast to combinatorial alterations at position 66
and 231, combinations at position 66 and 269 did not result in comparably high
improvements of the enzyme’s R-selectivity (Figure 42, chapter 3.1.5). For example, in
the screening, variant W66A showed e.e. values of 46 % R and 90% S in the
conversion of E- and Z-citral, respectively, and variant W66A/F269V slightly improved
this to 63 % R and 71 % S, while the W66A/1231P variant resulted in the much more
pronounced optimization to 91 % R and 32 % R. Nevertheless, the Z-selectivity of
32 % R in this W66A/1231P variant was then further increased to 72 % R by addition of
the F269V alteration. Hence, it is deduced that for the studied example reaction,
variations at position 269 act as a fine-tuning element for altered citral reduction

enantioselectivity. It is furthermore interesting that many very different alterations at
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this position led to such a fine-tuning effect. For example, in the W66A/1231P/F269X
screen (X represents one of the 20 possible canonical proteinogenic amino acid
residues), amino acids H, P, Q, V, and Y were all identified as possible residues at this
position that led to further increased R-selectivity (Table Ap. 5). A potential explanation
for this fine-tuning effect might be correlated to the highly dynamic nature of the
surface loop 6 on which this position is located (Figure 48, chapter 3.1.6). This large
flexibility was described in various previous studies. In one example, the flexibility of
this loop in NCR was recognized by the high B-factor of this structural element and the
information was used to create truncated loop variants with increased solvent tolerance
and thermostability.” In another structural study with CmOYE from Corynebacterium
aquaticum it was found that this loop can adopt an open and closed conformation,
which is relevant for substrate recognition.’® From these data it is hypothesized that
alterations at position 269 result in a remodeled flexibility of loop 6 in NCR, which
might explain the fine-tuning effect on the enantioselectivity. This hypothesis is
underpinned by the fact that the combination of the selectivity-defining W66A variation
with a defined grafting of loop 6 derived from OYEL also resulted in such a fine-tuned
selectivity (chapter 3.1.6). Surprisingly, this more direct loop remodeling even resulted
in increased product formations. NCR variant loop 6* W66A showed up to 32 %
enhanced activity compared to the NCR W66A single variant (Table 22). In this work,
it was the only variant that restored some of the wild-type reduction activity in the citral
reduction because usually the increased selectivity was accompanied by a decreased
product formation. This highlights the huge potential that lies in the direct engineering
of loops, which recently is increasingly realized.’® Herein, the specific loop-grafting
was restricted to a structural extension of OYEL loop 6 in comparison to NCR, which
was added to NCR loop 6 (Figure 49). In light of the fact that OYE1 already is
R-selective in the reduction of the E-isomer of citral, it can be argued that this overhang
is involved in controlling this selectivity and that the loop-grafting could partially

transfer this feature.

Catalytically relevant NCR amino acids H172, N175 and Y177 exhibit a
selectivity-controlling effect:

Amino acids H172, N175 and Y177 in NCR ERED are highly conserved in the OYE
enzyme family and are known to be catalytically relevant.>* This reasons why these

amino acids are usually not addressed in mutagenesis studies.'®® Nevertheless, due to
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the general active site approach that was chosen in this work to select for potential
target sites, these amino acids have not been excluded from mutagenesis (chapter 3.1.2).
This allows discussing how such alterations affected enzyme catalysis in the reduction
of citral. It was found that alterations at all of these sites resulted in altered
enantioselectivity. NCR single variants at positions Y177 and H172 already affected
enantioselectivity to a small extent (up to 18 % decreased S-enantioselectivity). In this
light it is notable that only eight of the 14 tested active site amino acids showed any
direct influence on the citral reduction enantioselectivity. Moreover, only considering
the Z-isomer, in this initial site-directed mutagenesis study variant Y177W even showed
the highest influence on enantioselectivity (89 % S). As discussed in the previous
discussion chapter, a great selectivity influence of position N175 was observed when
combined with a W66A variation. Alanine and phenylalanine exchanges resulted for
E-citral conversion in e.e. values of 63 % R and 63 % S, respectively. The W66A-based
double variant library confirmed the selectivity influence of positions H172 and Y177.
Especially the W66A/Y177W variant was the first to result in significantly decreased
S-selectivity in the reduction of Z-citral. Therefore, position Y177 was also considered
for the consecutive iterative site-saturation mutagenesis strategy. These findings suggest
that to some extent, these residues, which are known for their catalytic function, do also

play a distinct function in controlling the citral reduction selectivity in NCR ERED.

This is in confirmation to a site-saturation study at homologous positions H181 and
H184 (correspond to H172 and N175 in NCR) in PETNR ERED from Enterobacter
chloacae PB2 investigating the reduction of E-2-aryl-1-nitropropene.’®® It was found
that the enantioselectivity of the conversions was affected by variants of the
site-saturation libraries and even a regioselectivity switch to nitro-reduction could be
observed. With selected variants of these enzyme libraries they could also observe a
slight e.e. shift from 93 % S (PETNR wild-type) up to 82 % S (H184T) in the reduction
of citral.

Apart from discussing these influences on selectivity, it may be generally regarded
surprising that these variants indeed showed catalytic activity considering their ascribed
catalytic functions. Nevertheless, pronounced negative effects on reduction activity
were finally observed for all of these positions. The severity of this deleterious effect
differed between H172, N175 and Y177 also depending on the number of total amino
acid variations. While single alterations at H172 and Y177 retained up to 81 % and
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77 % relative activity, respectively, N175-based single variants resulted in 4-10 %
relative activity. When combined with the W66A variation, additional changes at H172
also became critical (0.2-13 % relative activity), while changes at Y177 still remained
acceptable in terms of relative activity to the wild-type (39-61 %). However, variations
at Y177 then also proved deleterious when added in triple and quadruple variants
(chapter 3.1.5). From the data it is inferred that NCR N175 is especially important for
citral reduction activity, followed by H172 and Y177. Residues N175 and H172 both
interact with electron withdrawing groups of ERED substrates. The results suggest that
the substrate stabilization by only one of those residues suffices to promote reduction
activity. Similar observations were described in the above mentioned PETNR study.'*®
Position Y177 is the discussed proton donor in the oxidative half reaction of the NCR
enzyme. However, the retained activity suggests that alternative proton sources like

water might substitute Y177 as described in the previous discussion chapter.

4.1.3 Comparison to OYE1 ERED as alternative engineering target

As described in the introduction (chapter 1.3.3), OYEL1 and NCR ERED can be
regarded as two principally different types of citral reductases. The type | citral
reductase OYEL is already R-selective in the reduction of E-citral but not in the
reduction of Z-citral, while the type Il citral reductase NCR catalyzes an
enantioconvergent reduction of both isomers to S-citronellal. This behavior known in
literature®® was confirmed in this work (chapter 3.1.4). It could also be shown that the
citral reduction activity of NCR is up to five times higher compared to OYEL. The
previous discussion of the mutagenesis studies on NCR ERED showed that R-selectivity
can be engineered in this enzyme. The engineering was based on an initial active site
mutagenesis study (chapter 3.1.2). As a comparative approach, a similar active site
mutagenesis approach was adapted to OYEL1 ERED in order to evaluate if the already
present R-selectivity can especially for Z-citral be further improved. However, none of
the tested variants resulted in higher R-selectivities than the wild-type already displayed.
To the contrary, some variants induced S-selectivity in OYEL. For example, variant
F296A changed the Z-citral reduction enantioselectivity from 33 % R to 71 % S while
no change in activity was observed compared to the OYE1 wild-type. It is interesting to
mention that this position corresponds to F269 in NCR ERED, which was one of the

selectivity hot-spots in NCR that was required to be alternated in order to generate the
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herein most R-selective NCR variant W66A/1231R/F269V. Therefore, this residue on
loop 6 might be of general relevance for citral reduction control in EREDs. However,
while in NCR only a fine-tuning effect was observed, in OYE1 the mutational effect on
this position is much more pronounced, which also underpins the mutational differences
in these two enzymes. Another significant difference of the mutational approaches were
the huge deviations in mutability as most of the OYEL1 variants were either catalytically
inactive or their activity was critically impaired. Apart from alterations at position 269,
no variants altered the selectivity without almost completely impairing catalytic activity.
This was for example also the case for variants bearing alterations at position 116,
which is known as a position to control the enantioselectivity in carvone reduction.'
Up to 10-fold decrease in activity resulted for W116 variation. The effect on reduction
selectivity could be confirmed (up to 47 % changed e.e.), but was less pronounced as
reported for carvone reduction. From these results it was concluded that the citral
reduction in OYEL is highly delicate and therefore, no further variations were

considered.

Conversion of NCR ERED to a type I citral reductase:

By means of a further comparison of OYE1 ERED and the best NCR hit variant
WG66A/1231R/F269V additional deductions are possible. In fact, the NCR mutagenesis
study introduced many traits that are akin to the observations made for citral reduction
with OYEL. Both of these enzymes are highly R-selective in the reduction of E-citral
and exhibit a distinctly higher activity in the reduction of E-citral over Z-citral.
However, they differ in the reduction of Z-citral. While for OYE1 an e.e. of 33 % R was
obtained, the generated best NCR variant displayed 70 % R. These values were obtained
for reactions with the developed whole cell reaction system. However, as will be
discussed later on, the whole cell reaction leads to higher enantioselectivities than in
reactions with the purified EREDs. For the same best NCR variant only 16 % R is then
obtained for the reduction of Z-citral. This means further efforts are required to create a
completely enantioconvergent R-selective ERED. In the present work the use of whole
cells, though, provided an alternative solution to achieve high R-selectivity in the

reduction of both citral isomers.

Taking all these considerations into account, it can be consequently argued that the
herein described mutagenesis approach converted NCR ERED from a type Il into a

type | citral reductase. This can be further underpinned by a structural comparison of
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OYE1L and NCR (Figure 63). The overlaid structures focus on those residues that have
been identified as selectivity hot-spots in NCR and were addressed in the herein
described ISM strategy (chapter 3.1.5). In NCR these were W66, Y177, 1231 and F269
and in OYE1 they correspond to Y82, Y196, F250 and F296, respectively. While the
three-dimensional location of the tyrosine seems to be unchanged, it attracts attention
that the other three hot-spots adopt significantly differing locations. This is even more
significant considering that from the 14 addressed active site amino acids only one
additional residue shows such a structurally differing positioning (NCR/OYE:
H128/Q147) due to a very different loop localization in the two distinct crystal
structures. In consequence, unconsciously the initial NCR site-directed mutagenesis
study led to the selection of exactly those structurally differing positions. This infers
that a huge proportion of the difference between these typel and type Il citral
reductases is rooted in the alternative location of these three positions. Furthermore, this
indicates that the positions could have been selected rationally by such a structural

comparison.

OYEI1
NCR

Y196
Y177

Figure 63: Structural overlay of OYEl (pdb ID: 4A3U) and NCR (pdb ID: 10YB) ERED
highlighting the hot-spot positions in the active site pocket that have been addressed for iterative
site-saturation mutagenesis in NCR. OYEL1 residues are depicted in light green, NCR residues in gray,
prosthetic group FMN shown in dark green and citral in black with indicated activated C=C double bond
in purple and carbonyl oxygen in red.
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4.1.4 Citral reduction by EREDs in whole cell environment

The development of a reaction system that allows for citral reduction biotransformations
in whole cells was vital in this work (chapter 3.1.3). Primarily it allowed for faster
screening of mutant libraries, which was required to perform the herein performed ISM
study (chapter 3.1.5). Furthermore, it allowed for the analysis of a comparative OYE1
mutagenesis approach because functional OYEL enzyme purification was unsuccessful
(chapter 3.1.4).

In the following, some features of the described whole cell system are discussed. Two
essentially different whole cell systems were initially compared, which were adapted
from literature.® In one system, a setup was chosen to promote viable cell
conditions, therefore glucose was added to stimulate cell metabolism, but no NADH
was added assuming that cell metabolism would constantly supply the redox equivalent.
In contrast, in a second system, no glucose was added, but NADH instead. The second
system also contained 5 % (v/v) isopropanol to facilitate citral solubilization. Reduction
activity was only observed with the second system. Leaving out external NADH supply
in this system extinguished the activity, which confirms the assumption that the
conditions are unviable. In the viable cell approach the absence of enzymatic activity
might for example derive from a possible toxicity of citral or the inability of the
substrate to cross the cell wall to come in contact with the reductase. However, this has
not been analyzed further. Moreover, it can only be speculated that in the unviable cell
approach the presence of citral and isopropanol cause a partial disintegration of the cell
membrane allowing access to the reducing enzymes. This could have been clarified by
further viability experiments, but in this work the objective of the whole cell approach
was to provide ERED activity overcoming the so far necessary time-consuming enzyme
purification. This could be achieved and also an increased product formation in
comparison to the initially chosen reaction system was achieved by variation of reaction
parameters (Figure 34 & 35, chapter 3.1.3).

Another objective in the development of this whole cell reaction system was to suppress
a reduction of the aldehyde to an alcohol by dehydrogenases in the cells. Previous
studies showed that employing EREDs for citral reductions in whole cell systems
results in the formation of citronellol.®® Furthermore, the additional aldehyde reduction
of the substrate citral to nerol and geraniol can lower the obtainable product yield

because the alcohols are not further converted by EREDs. Therefore, the E. coli strain
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TG20+ lacking two of the most active non-specific ADH enzymes in E. coli was
utilized. It was shown successfully that in comparison to the E. coli strain BL21(DE3)
this undesired side reactivity is decreased up to 20-fold (Figure 35). Only a small
residual activity (~2 %) of aldehyde reduction remained. Overcoming citronellol
formation was furthermore useful for possible application in the (-)-menthol cascade
because citronellol is not converted to (-)-isopulegol by the consecutively applied
AacSHC.

An unexpected finding was that the whole cell system unconsciously allowed for highly
R-selective reductions with the citral isomers (Figure 44, chapter 3.1.5). In the
characterization of the two most R-selective hit variants NCR W66A/1231R/F269V and
NCR W66A/1231P/F269V, a comparison of reactions performed in whole cells with
those performed with the purified enzymes revealed significant deviations in
enantioselectivity (e.g. 16 % R for purified enzyme and 70 % R for whole cells).
However, this was only found for Z-citral because when using E-citral the
enantioselectivity was reproducibly high in both reaction systems (95 % R). Additional
experiments have therefore been conducted to understand this apparent anomaly
(Figure 45 & 46). By comparison of buffer and cell negative controls with either E- or
Z-citral as substrate it was for example found that the cells cause a shift in the ratios of
the citral isomers from which it was inferred that the cells cause an isomerization
reaction (Figure 45 & Figure Ap. 11). This was underpinned by the finding that the
depletion of one isomer was always accompanied by the increase of the other isomer.
Furthermore, the found temperature-dependence of this process also favors this
isomerization assumption (Figure 46). From literature it is for example known that
proteins can catalyze citral isomerization.** However, this isomerization was described
to primarily occur at basic conditions while here, slightly acidic conditions were chosen.
Hence, the exact source of this isomerization remains obscure and further experiments
are necessary to shed light on this. As an alternative, it is for example also conceivable
that a specific E. coli enzyme catalyzes such an isomerization reaction. Nevertheless,
the results of these experiments allow for stating a hypothesis explaining the beforehand
surprising selectivity aberrations (Figure 64). For the continuing discussion it is noted
that due to thermodynamic reasons, a system that allows for isomerization will
generally strive to reach an equilibrium state, which for citral is a 3:2 mixture of E/Z at

standard conditions.
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A) use of Z-citral B) use of E-citral
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Figure 64: Schematic representation of ERED reaction (red.) using for example NCR
WG66A/1231R/F269V and parallel cis-trans isomerization (isom.) in E. coli whole cell system for
applying either Z-citral (A) or E-citral (B) as substrate. The whole cells cause an isomerization of the
citral isomers towards an equilibrium state (60 % E and 40 % Z). At the same time E-citral is reduced
selectively to the product R-citronellal, while Z-citral is reduced with about half activity to racemic
R/S-citronellal. These citral conversions to citronellal disturb the isomerization rates that would be
obtained without this parallel process as indicated by the red arrows. A) When using Z-citral with
c(E) << ¢(2), isomerization rate towards E-citral is enhanced due to the parallel reduction reaction pulling
E-citral out of the equilibrium faster than Z-citral. This results in an accumulation of R-citronellal. B)
When using E-citral with c(E) >> ¢(Z), isomerization rate towards Z-citral is decreased because the faster
reduction of E-citral to R-citronellal pulls out E-citral from the equilibrium anyway. Therefore, no
significant alteration of enantioselectivity is caused.

The hypothesis that explains the observed enantioselectivity differences relies on the
deliberation that the isomerization rates observed for using either enriched Z- or E-citral
will be disturbed by the parallel conversion of both isomers to citronellal. A further key
aspect is the fact that the reaction velocity of this parallel NCR variant-catalyzed
reduction reaction differs significantly and also results in different enantioselectivities.
For the discussed triple variants, it was found that E-citral is converted rapidly and
selectively to R-citronellal (Figure 44, chapter 3.1.5)). In contrast, reactions with
purified enzymes showed that Z-citral is converted considerably slower (25-50 %
activity relative to E-citral conversion) yielding racemic citronellal (Figure 44). With
these considerations in mind, the consequent different situations for either isomer can be

discussed:

- Using Z-citral as substrate (Figure 64 A), the ERED whole cell reaction causes
continuous isomerization to E-citral. However, due to the parallel reduction
reaction E-citral is pulled out of the isomerization equilibrium faster than Z-citral.
In consequence, the isomerization rate will increase in comparison to the
undisturbed system. Hence, in comparison to a reduction reaction with purified
ERED the system contains considerably more E-citral that is converted selectively

to R-citronellal, which explains the huge enantioselectivity deviations.
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- Using E-citral as substrate (Figure 64 B), the ERED whole cell reaction causes
continuous isomerization to Z-citral. As described above, E-citral is, though,
pulled out of the isomerization equilibrium faster than Z-citral due to the parallel
reduction reaction. Hence, the effect on the isomerization rate, in contrast to the
use of Z-citral as substrate, is opposite and thus, the isomerization rate will
decrease in comparison to the undisturbed system. In consequence, reactions with
whole cells and reactions with purified ERED behave similar explaining why in

this case no enantioselectivity deviations were observed.

It is interesting to note that these deliberations will also affect conversions with OYE1
because this enzyme shows comparable selectivity and activity behaviors towards the
different citral isomers like the described NCR variant. Hence, for purified OYEL it
might be expected that likewise a more S-selective outcome would be expected in the
conversion of Z-citral. As no successful purification was achieved, though, this remains

to be proven.

In summary, it is shown that an isomerization process is so far required to ensure the
high R-selectivities achieved for E/Z-citral reduction. Intriguingly, this is comparable to
a chemical solution for this reaction described by Hori et al. using a palladium catalyst
and auxiliary 2-(diphenyl)methylpyrrolidine forming an in situ iminium that leads to an
isomerization of citral.>® So far, both systems achieve e.e. values up to 89 % R.
However, it can be expected that further rounds of evolution will optimize the
enzymatic approach further if desired. For example, a recent research project that was
based on the results of the herein described thesis could successfully show that both,
selectivity and activity of an NCR-based reductase were improved further.®” In that
work it was shown that Q232 can be another hot-spot for selectivity reaching up to
60 % R for converting Z-citral when using purified enzymes instead of the whole cell
approach and alterations at H128 were found to restore wild-type like activity.

In the following it will be discussed how the development of this ERED catalyst could

be implemented in a novel chemoenzymatic cascade for (-)-menthol synthesis.
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4.2 Development of a chemoenzymatic (-)-menthol
synthesis

The herein described chemoenzymatic cascade reaction sequence is adapted from a
currently industrially applied (-)-menthol synthesis from citral.'*# A noteworthy
expansion of the current method is the direct use of an isomeric mixture of citral
because so far the isomers need to be separated by laborious distillation prior to their
use.® The reduction of citral to citronellal followed by Prins cyclization to isopulegol
are the reaction steps defining the chiral information in the final menthol product that is
obtained by additional unselective reduction of the isopulegol (Figure 65). In
consequence, the chemoenzymatic approach is hence suited to investigate i) the
potential of engineered enzymes to add synthetic value and ii) the opportunity of
combining such novel biocatalysts with well-established chemical methods.

reduction of reduction of
polarized C=C P'l’ ins' unpolarized C=C
\2\ double bond cyclization double bond
| 0 hiral | o hiral = oM il e
cnira. cnira. - achira =
PN PN
E/Z-citral R-citronellal (-)-isopulegol (-)-menthol

Figure 65: Conceptual reaction pathway for (-)-menthol synthesis from E/Z-citral. First, two chiral
reaction steps convert citral in a reduction of a polarized C=C double bond to R-citronellal and then in a
Prins cyclization to (-)-isopulegol. Secondly, (-)-menthol can be obtained by final achiral reduction of the
remaining unpolarized C=C double bond.

4.2.1 Optimization of SHC-catalyzed R-citronellal formation

After the development of a suitable R-selective ERED for the desired novel (-)-menthol
synthesis, this enzymatic reaction should be combined with a previously
developed'’*?* enzymatic Prins cyclization using a AacSHC to demonstrate the
potential of selective enzyme catalysis. First, this only recently engineered enzyme was
reevaluated and previous optimizations on the single R-citronellal to (-)-isopulegol

conversion were expanded.

Surfactant and temperature are crucial parameters for SHC-catalyzed
isopulegol formation

In this work, previously described optimizations for the SHC-catalyzed citronellal
cyclization could be expanded.'”® The results confirmed that AacSHC variant
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A419G/Y420C/G600A leads to notable improvements in both activity and
diastereoselectivity in the conversion of R-citronellal to (-)-isopulegol (Figure 50 & 51,
chapter 3.2.1). Furthermore, it was confirmed that the adaption of surfactant
concentration and reaction temperature are crucial parameters to achieve higher product
formation. For the triple variant, the tested conditions differed up to ten-fold in product
formation (Figure 51). It may be regarded surprising that a lowering in reaction
temperature leads to improved product yields if one compares to the identified optimal
temperature region of 50-60 °C in the conversion of squalene using this thermophilic
AacSHC.'®® This observation can be explained by evaporation in the herein performed
analytical reactions (chapter 4.2.2). Increased temperature favors faster evaporation and
thus, lower temperatures caused higher measurable product formations under the test
conditions. Further experiments under evaporation-avoiding conditions at varying
temperatures would be necessary to reevaluate the influence. However, from a practical
point of view, the herein found productive conditions at lower temperatures harmonized

well with the desired previous ERED catalysis.

4.2.2 Implementation of bienzymatic ERED-SHC cascade

ERED and SHC catalysis are compatible:

To the best of knowledge, ERED and SHC biocatalysts have not yet been applied
together in a cascade reaction, especially not engineered variants of these enzymes.
Therefore, it was initially not clear if both enzymatic systems would be compatible in a
common reaction system. Specifically, it was for example unclear whether the presence
of a surfactant that is required for the SHC conversion would significantly hamper the
ERED activity. Nevertheless, the described results demonstrate that both enzymatic
systems are compatible and can be optimized. Negative controls confirmed that the

cascade activity did not derive from background reactivities (Table 23, chapter 3.2.2).

The SHC-catalyzed Prins cyclization is a non-natural activity. From the known results
for the separate conversions of citral by ERED variants and citronellal by AacSHC
variants, it was expected that the cyclization to isopulegol would be the limiting
conversion. For example, time-resolved investigations of the bienzymatic cascade were
in favor of this deliberation (Figure 53, chapter 3.2.2). Already after 5 min reaction,
considerable amounts of citronellal have been formed (~37 %), while isopulegol was

hardly detectible yet.
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The bienzymatic cascade offers optimization potential

Several parameters were initially evaluated in small sets of experiments to characterize
influential parameters on this novel cascade reaction (Figure 55, chapter 3.2.2). It was
shown that temperature, choice and concentration of the cosolvent, the cyclase
concentration and the substrate concentration influence the bienzymatic cascade
performance. Moreover, EREDs can be used in purified form or as whole cell
preparation. As described before, using ERED in a whole cell environment leads to a
higher R-selectivity in the reduction of citral (Figure 47, chapter 3.1.5). This increases
the amount of convertible substrate for the consecutively active cyclase, which is
specific for the R-enantiomer (e.e. >99 %). Indeed, the obtained product formation
seems to be higher in this case. However, the experimental error for this measurement
was relatively high. Although the AacSHC was expressed in the ADH-containing
E. coli BL21(DE3) strain, the direct application of SHC-containing cells was also
evaluated and resulted in a loss of activity. As in analogy to the reactions with purified
enzyme, a higher amount of SHC-containing cells was applied, it was confirmed that
this results in a fast accumulation of terpene alcohols that are not converted by the
cyclase. In future, it might therefore be of value to clone the shc gene in a pDHE vector
that allows subsequent expression in the ADH-deficient E. coli strain TG20+. As a final
parameter, suppressing evaporation proofed to be crucial for detecting significantly
higher product formation. For example, this caused a four- to five-fold increase in
detectable product formation. In sum, this initial parameter evaluation allowed for
improvement of the initially measured 2.3 % product formation to around 25 %. This
result not only encourages further improvements for this cascade by using more
elaborate optimization strategies, but also an increasing application of the versatile

chemistry of SHCs in combination with other enzymatic systems.

Influence of evaporation on reactions using volatile terpenes:

The above discussed evaluation of the bienzymatic cascade already highlighted that
evaporation is a physical property that is relevant for the in this work analyzed
conversions of terpenes into one another. This relevance has already been considered
for initial characterization experiments for the NCR ERED-catalyzed reduction of citral
to citronellal (chapter 3.1.1). In the following, the influence of evaporation especially on
analytical-scale reactions performed in this work are generally discussed on the basis of

herein performed experiments.
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As described in the introduction (chapter 1.2.1), evaporation is a surface effect
happening below the boiling point.*? It can be significant as shown for citronellal
although its boiling point is as high as 208 °C.**° Initially, the effect came to attention
due to the clearly observable loss of citronellal at longer times of a time-resolved citral
to citronellal reduction analysis (Figure 25). The performed experiments suggest that
evaporation is the mainly relevant source of this loss in contrast to theoretically possible
alternative explanations like an interaction of the terpenes with the reaction vessel — to
name an example: i) qualitative curve analysis of the citronellal loss fits to the theory of
evaporation in a closed vessel (Figure Ap.22). In a closed vessel, evaporation will
cause proceeding citronellal loss in solution until equilibrium concentration in liquid
and gas phase is achieved and the closer the system gets to this equilibrium, the slower
the evaporation rate will become.'*® For clarification purposes, the measured data points
can for example be relatively well fitted to logarithmic decay. This highlights that over
time the decay process slows and can thus be connected to evaporation; ii) headspace
measurement confirmed citronellal in the gas phase; iii) experiments with changed gas
volume revealed a direct correlation of the citronellal loss in solution and respective

chosen gas volume (chapter 3.1.1 & Figure Ap. 7).

To evaluate the relevance of evaporation for a typical analytical reaction performed in
this work, the ideal gas equation can be used to roughly compare the theoretical amount
of citronellal in a saturated gas phase and the amount of citronellal that has been added
to the liquid phase. The ideal gas equation connects the amount of substance n with the
given partial pressure p of the evaporating substance for a given temperature T, a given
gas volume Vgss and the ideal gas constant R, which is 8.314 J-mol™*-K™. The
correlation is n=p-Veas- TH-R™. Considering a standard analytical reaction, Vgas
amounts 1mL. The partial pressure of citronellal at 25°C (T =298.15K) is
33.3305 Pa.'®! Using the ideal gas equation, the amount of citronellal in a saturated gas
phase can be estimated to n=1.3-10° mol. In comparison, after full conversion, the
2 mM reaction approaches in 1 mL can maximally contain n=2-10° mol citronellal.
While a quantitative analysis of these numbers might be hampered by the
simplifications of the ideal gas equation, it is qualitatively evident that the amounts of
substance are in a similar range. Hence, evaporation has a huge impact on these
analytical conversions and furthermore, no equilibrium between liquid and gas phase is
achieved in the time-span of these reactions. According to literature it is rather complex

to mathematically model such non-equilibrium states.’®> Furthermore, evaporation is
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influenced by many parameters in a non-linear fashion like the surface area of the
liquid, the heat of evaporation, temperature, outside pressure, solubility of the
evaporating molecule, gas volume, fluid and gas dynamics (e.g. influenced by shaking

of reaction vessels) and colligative effects.'#%'%

These considerations explain the huge impact on the product formations measured in
the cascade reactions when the gas phase was deleted. At larger reaction scales, the
amount of substance in the reaction solution will usually exceed the amount of
substance that is needed for gas phase saturation and then, the analytical impact of
evaporation should decrease. If evaporation can be expected to be problematic for
product recovery, it has been shown that removal of the gas phase is a possible solution.
As an alternative, evaporation can be suppressed by increased outside pressure, for

example in an autoclave.

Alcohols are formed as side products in the cascade reactions:

Investigations on the single ERED-catalyzed reduction of citral to citronellal
successfully showed that ADH activity is largely suppressed (Figure 35).
Notwithstanding, considerable alcohol side products were detected in the bienzymatic
cascade reactions (Figure 57, chapter 3.2.3), especially after longer reaction periods
(e.g. 22 h). Two causes might be considered explaining this observation: i) a residual
ADH activity was still detectable for whole cell reactions using the E. coli TG20+
strain. After longer reaction times this might cause gradually increasing alcohol
formation; ii) the AacSHC purification involved a heat-shock treatment and ion
exchange chromatography, however, the enzyme still contained detectable impurities
and thus, the cyclase preparation might have contained residual amount of active
non-specific ADH enzymes (Figure Ap. 23). As mentioned above, SHC enzymes might
be produced in an ADH-deficient strain as well or further measures might be
investigated to suppress ADH activity. Nevertheless, increasing the efficiency of the
cascade would very likely be a preferable solution because then, the slower side reaction

will probably be of minor relevance.

The enzymatic cyclization is inhibited in the bienzymatic cascade:

Several experiments in this work suggest a putative cyclase inhibition as a so far
limiting factor of the bienzymatic cascade: i) the maximally achievable isopulegol

formation after the herein described initial optimizations stopped roughly at 25 %; ii)
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time-resolved investigation of the bienzymatic cascade revealed a boundary of product
formation after 10 h (Figure 52, chapter 3.2.2); iii) in the chemoenzymatic cascade it
was shown that already after 2 h of the bienzymatic cascade reaction part, most of the
achievable isopulegol was formed (Figure 57, chapter 3.2.3); iv) further on, it was clear
that the performance of the AacSHC reaction is diminished in the bienzymatic cascade
(Figure 54, chapter 3.2.2). The addition of 1 mM citral to a separate AacSHC reaction
approach slightly decreased the resulting product formation. This shows that concurrent
citral presence already results some inhibition, but does not fully explain the product
formations observed in a comparable cascade experiment. Thus, a promising approach
to increase the efficiency of this reaction sequence might focus on further revealing the
nature of this inhibition, which might allow for developing solutions overcoming this
inhibition. A comparison to recent literature regarding conversions using the AacSHC
allows further discussion of this observation. Seitz describes various inhibition effects
in her thesis on SHC-catalyzed reactions, for example referring to the
AacSHC-catalyzed conversion of the sesquiterpene homofarnesol to (-)-ambrox.*** She
not only revealed that higher substrate concentration inhibited the reaction, but also
showed that the reaction is inhibited in the presence of the ambroxan product and also
that the much more productive natural cyclization of the triterpene squalene is inhibited
in the presence of either homofarnesol or ambroxan. These results support that the
herein obtained results for citronellal cyclization are hampered by comparable inhibition
effects. So far, it is unclear if such an inhibition would be of allosteric or competitive
nature. However, it is likely that theoretically all of the different monoterpenes present
in the reaction mix of the bienzymatic cascade will fit in the large hydrophobic active

site of the cyclization biocatalyst and might add to such inhibitions.

Further on, a theoretical systems biology calculation on this bienzymatic cascade that
was performed in collaboration with Allgéwer et al. supports the inhibition deliberation
and also offers a potential solution by reaction engineering.’®> For these calculations,
time-resolved data of the in this work described ERED-catalyzed citral reduction were
fed in the calculation and reaction parameters of the cyclase were assumed. The
calculations suggested that a compartmentalization of both reactions could lead to
increased product yields. The mathematical model might be expanded with additional

experimental data to predict a possibly suitable reactor system for further evaluation.
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4.2.3 Proof of principle of the chemoenzymatic cascade synthesis of
(-)-menthol

The previously discussed achievements should finally be exploited to show as a proof of
principle that this novel synthetic concept can be used in a preparative approach to
isolate (-)-menthol. Indeed, after purification it was possible to characterize the finally
achieved product as (-)-menthol by mass spectrometry, NMR and IR analysis. The
product was obtained in 7 % isolated yield with an e.e. of 99 % and a d.r. of 92 % in a
purity of 93 %. In the following, some details of the chosen synthesis approach are

further discussed.

In this 100 mL-scale approach, first the one-pot bienzymatic cascade was performed to
produce (-)-isopulegol. Then, a heterogeneous palladium on charcoal catalyst was added
directly to the crude reaction mixture and the final reduction to (-)-menthol was started
in a hydrogen atmosphere. A complete one-pot reaction was herein not considered
because the unspecific nature of this reduction would have negatively interfered with
the first two reaction steps. Furthermore, the presence of the palladium catalyst and the
hydrogen atmosphere might have hampered the performance and stability of the

enzymes.

Both, the bienzymatic cascade and the final hydrogenation were followed by analyzing
small reaction samples after different reaction times. Combining so far best suited
conditions of the bienzymatic cascade, it was found that in the closed vessel after 22 h
reaction 32 % isopulegol formation could be achieved (Figure 57, chapter 3.2.3).
However, it was either observed that most of the product has already been formed after
2 h and alcohol side products like citronellol were also observable after longer reaction
times (chapter 4.2.2). No citral or citronellal have been detected in the reaction mixture
after 22 h. It is important to note that the results suggest that herein formed isopulegol
was not primarily limited by the later observed alcohol formation. In contrast, further
isopulegol formation seemed to stop after reaching a certain plateau concentration in the
reaction mixture and therefore remaining citronellal was finally reduced to citronellol.
Cyclase inhibition was discussed as a likely cause in the previous discussion chapter.
These findings suggest that overcoming this inhibition should also suppress alcohol
formation. For the following hydrogenation it could be successfully shown that catalysis
proceeded continuously in the presence of the crude aqueous reaction mixture and after

44 h no further menthol was produced. This confirms that such hydrogenations can be
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well performed in the presence of biological matrices as has been previously described
in other chemoenzymatic cascades.’®** The gradual increase of menthol formation
could be correlated to the loss of isopulegol (Figure 58, chapter 3.2.3). Finally, 31 %

menthol was detected in the final reaction sample after 44 h.

The following product isolation was also accompanied by a significant loss of product
as after extraction, flash column chromatography and final solvent removal at the
evaporator, 7 % isolated yield were obtained (6.3 mg). It is very likely that during
solvent removal, also a lot of product evaporated because of the volatile nature of this
terpene. The distinctly observable minty smell during this purification step underpins
this assumption. Nevertheless, the solvent removal was continued until transparent
crystals were formed. A trade-off of product purity and yield should be achieved and
therefore, NMR analysis revealed that the final product did not contain remaining

solvent. However, residual amounts of the isopulegol educt were detectable.

Nevertheless, the main side product, 3,7-dimethyloctanol, could be separated
successfully from the desired menthol and no traces of this side product were detectable
in the final menthol sample. This side product results as a final hydrogenation product
of the previous byproducts of the bienzymatic cascade, hence, nerol, geraniol and
citronellol  (Figure 66). After flash  column-chromatography, 15.5mg of
3,7-dimethyloctanol were isolated in a separate fraction (16.3 % yield). Due to the
R-selective ERED reduction, mainly the R-enantiomer of this side product will have
been formed. However, it is interesting to note that the opposite S-enantiomer of
3,7-dimethyloctanol might be interesting as aroma chemical ingredient itself because it
is described to possess a ‘[...] floral odour like clean rose [...]" scent.** Using
wild-type NCR ERED in a whole cell approach with following chemical hydrogenation,

this aroma chemical should be synthesised quantitatively with absolute enantiopurity.
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\5\ ERED SHC H,
| S0 | S0 OH OH

citral citronellal isopulegol menthol
ADH ADH
X
| OH | OH
nerol/geraniol citronellol
H, OH

3,7-dimethyloctanol

Figure 66: Reaction scheme explaining obtained products in the herein described chemoenzymatic
cascade reaction. The desired reaction path involved citral reduction by an ERED biocatalyst, followed
by citronellal cyclization by an SHC biocatalyst and final reduction of isopulegol to menthol by
hydrogen. However, especially after longer reaction times, remaining residual ADH activity resulted in
the formation of small amounts of nerol and geraniol and larger amounts of citronellol because of the
incomplete cyclization of citronellal to isopulegol. These alcohols were all fully reduced to
3,7-dimethyloctanol by hydrogen, which accumulated as only byproduct of the reaction.

Finally, this work successfully demonstrates that the initially envisioned
chemoenzymatic cascade could be assembled successfully to synthesize (-)-menthol.
Potential inhibition effects in the bienzymatic cascade and necessary improvements in
product purification were identified as potential bottlenecks of this approach. Hence,
there still exists a large optimization potential to create a potentially efficient synthetic
method. Although the herein described synthetic concept is due to its novelty still in an
early developmental phase, it might be advantageous for a potential hypothetical
application. Essentially, in particular the enzymatic reduction of citral and the following
citronellal cyclization could be regarded as a ‘biocatalytic upgrade’ to the existent
menthol production from citral. The advantages of these biocatalysts like the possible
redundancy of a prior citral isomer separation might therefore initially be easier adapted
in existent synthetic networks in contrast, for example, to a fermentative
biotechnological procedure that is based on other resources than citral. Most recently, it
was for example reported that a so far missing isomerase has been identified that should
enable the transfer of the plant menthol biosynthesis in a by comparison better to handle
E. coli strain.?® Hence, such a fermentative menthol production based for example on a

resource like glucose might be demonstrated in future. This would make a very different
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in vivo approach in contrast to the herein described in vitro approach accessible. Both
approaches have general advantages and disadvantages regarding for example
operability, cost of catalyst and process workup that would need to be evaluated against
each other in terms of economic and ecologic needs (chapter 1.6).2* In detail, this can
be a complex endeavor, which with respect to current situations can also vary over time.
From a scientific point of view, it is, however, generally an asset to demonstrate the

frontiers of our synthetic capabilities as broadly as possible.

Exploiting biological and mechanistic diversity to create new enzymes:

Next to the potential synthetic benefits of the chemoenzymatic synthesis that has been
developed in this work, the chosen example serves to generally highlight how new
enzymatic functions can be developed for a given synthetic challenge. While it is
nowadays well known that enzymatic properties can be changed by genetic engineering,
an important aspect is to find a suitable starting point for such an engineering.**’ This
work demonstrates that novel enzymatic functions can be developed from two

conceptually different starting points (Figure 67).

biological mechanistic
diversity diversity

7
|| Brensted acid

HD

enzyme engineering

synthetic biochemistry

l

artificial biosyntheses

Figure 67: Conceptual strategy to find enzyme engineering targets by exploiting either biological or
mechanistic diversity for application in synthetic biochemistry to enable the assembly of novel
artificial biosyntheses. In this work, such a strategy is showcased by engineered ERED and SHC
enzymes that have been combined with a chemocatalyst to create a novel synthetic route to (-)-menthol.
The figure has been adapted according to a previously published article.*” The SHC active site depiction
was also reported previously.'?®
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These different concepts can be distinguished by the exploitation of biological diversity
on the one hand, and mechanistic diversity on the other hand. In the case of the altered
enantioselectivity of NCR ERED, it was shown that the biologically present valuable
reductase function could be diversified to adopt a novel selectivity. In contrast, the
herein applied engineered AacSHC does not resemble its natural cyclization activity of
the triterpene squalene, but rather exploits the inherent mechanistic diversity of its
underlying Brgnsted acid chemistry in a different type of chemical reaction.**"'?°
Interestingly, although these starting points are very different, the methods for
engineering the ERED and SHC enzyme towards their novel functions were quite
similar. Both strategies identified potential hot-spot positions in the active sites of the
respective enzymes and introduced new combinations that enabled the novel function.
Finally, this work represents a valuable showcase that such conceptually different
derived novel enzymatic functions can not only be combined on the multienzymatic
level, but also with ‘classical’ chemical reaction steps in a chemoenzymatic cascade
reaction. This strategy should motivate to regard enzyme catalysis as a complementary

opportunity in retrosynthetic analysis.
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5. Outlook

This work successfully demonstrated that tailored reductase and cyclase biocatalysts
and a chemocatalyst can be combined to create a novel synthetic route towards the
valuable aroma chemical, (-)-menthol. This sets a basis for further investigations and

optimizations that are required to overcome remaining challenges.

For a start, the herein applied engineered biocatalysts need to be further improved in
terms of activity and productivity. It should be emphasized that the engineering of NCR

ERED and the previously described engineering of AacSHC!!"124128.129

exploited a
limited set of alterations in the active sites of those proteins. Hence, these studies could
be expanded by further rounds of combinatorial and random mutagenesis. Thereby,
selectivities might be increased even further and also the catalytic activity might be
elevated. For example, a concomitant mutational study on NCR ERED based on the
herein described findings could show that variations at NCR H128 restored activity in
R-selective NCR variants without influencing the enantioselectivity."®” Moreover,
enzyme engineering might be expanded outside the active site pocket. In this work, it
was shown that loop engineering is a very promising complementary approach to tailor

enzymatic functions.

With respect to the R-selective citral reduction, it was observed that a cell-induced citral
isomerization increases the enantiopurity of R-citronellal product. Further experiments
are required to identify the nature of this isomerization. It could be an unspecific
process catalyzed by amino acids at protein surfaces or by cell metabolites or a specific
enzyme-dependent reaction. Several further negative controls and the analysis of E. coli
fractions could shed a light on this. The findings could enable the set-up of a more
controlled isomerization, which might be beneficial for process design. Another
approach could be the addition of chemical auxiliaries like various amines to promote

such isomerizations.

With regard to the optimizations of the biocatalysts, an additional alternative is to
screen for even better template enzymes. This work describes a classification of EREDs
towards citral reduction based on well-characterized enzyme family members.
However, the unexplored sequence space remains enormous and might contain

promising catalysts. Furthermore, a screening of alternative SHC enzymes might
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provide an enzyme with a better starting activity for the cyclization of citronellal. For
example, ZmoSHC enzymes showed promising results with respect to catalytic
activity'?, but so far mutational studies'®® could not provide selectivities comparable to

the most selective AacSHC variants.

Due to the use of an NADH-dependent oxidoreductase, future studies will furthermore
need to maintain low catalytic concentrations of this costly cofactor or to overcome its
application completely. For example, many enzymatic cofactor regeneration systems
have been described and can be applied.**® Usually an orthogonal enzymatic reaction
like the oxidation of glucose to gluconolactone by glucose dehydrogenase restores the
required amount of reducing equivalents. As an alternative, it has been shown that
cheaper cofactor mimics can be applied.**® It has been reported that such mimics can
increase citral conversions by EREDs.?®® Moreover, further efforts might enable the
application of the cascade reaction under viable whole cell conditions allowing for

internal cofactor regeneration.

It was described that inhibition of the cyclase is a major limitation of the investigated
synthetic cascade. Detailed kinetic studies are necessary to shed a light on this
observation and could guide measures to overcome such inhibition. In this regard,
reaction engineering will play a crucial role. For example, two-phase systems of an
aqueous phase and a non water-miscible solvent might help to maintain a limited mass
transport in the aqueous phase to overcome catalyst inhibition.”* In such a system,
though, enzyme stability and solvent tolerance will also need to be evaluated. It has
been shown that enzyme stabilities can for example be increased by enzyme
immobilization to a carrier®®, protein-crosslinking®® or specific protein engineering
strategies®®. In order to increase product yield further, systems biology calculations on
the bienzymatic cascade suggested application of compartmentalization for the two
enzymatic reactions.'*®> With respect to the realization of such compartmentalization and
the avoidance of enzyme inhibition, it might be interesting to evaluate the use of
continuous-flow microreactors.?®>*® They might allow a custom-made design of
several compartments and could also include the chemical hydrogenation. Recently, a
proof of concept study demonstrated the combinability of continuous flow
hydrogenation and enzymatic catalysis.”>’ Next to microreactors, compartmentalization
might be achieved by various alternative strategies like the application of virus capsids

or protein cages.’®®
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In general, a combinatorial approach of kinetic modelling and experimental data
acquisition for specific cascade reaction approaches can be a straightforward
strategy.?**#° Experimental data could be fed back into model systems to refine them.
Moreover, various crucial parameters of the present cascade like catalyst, cofactor and
substrate concentrations, nature and proportion of cosolvent and surfactant, reaction
temperature, pressure and time will likely be optimized crucially in a statistical design
of experiment approach.?***? A combination of the suggested reaction engineering

approaches might finally allow for an efficient process with high product titers.
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NCR 1l (- ——— MPSLFDPIRFGAFTAKNRIWMAPLTRGRATR-DHVPT 36
OYE1l 1 MSFVKDFKPQALGDTNLFKPIKIéNNéLLHAAVIPL[*&MALLHPéNILN 50
NCR 37 EIMA- EYYAQRAS--AGLIISEATGISQEGLGWPYAPGIWSDAQVEAWLP 83
OYE1l 51 RbWLVé¢¢TéALQRPGTMiiTéGAFiéPQAGéYDNLLéV*éEEéMVE*TK 100
NCR 84 ITQAVHDAGGLIFAQLWHMG-RMVPSNVS--GMQPVAPSASQAPGLGHTY 130
OYEL 101 TENATHEKKSEAVGLVL GHAAFPDML ARDGLRVDSASONVEVDAEGER 150
NCR 131 DGKKPYDVARALRLDEIPRLLDDYEKAARHALKAGFDGVQIHAANGYLID 180
OYEL 151 KAKKANNPONSLTKOEIKOY STV OAKNS T AACADGYE THSANGYLLN 200
NCR 181 EFIRDSTNHRHDEYGGAVENRIRLLKDVTERVIATIGKERTAVRLSPNGE 230
OYEL 201 QELDPHeNTRTDLY G I ENRARETL EVWDALVEATGHLKVEL LAY 250
NCR 231 IQGTVDSHPEQVFIPAAKMLSDLD-------- IAFLGMREGAVDGTF--- 269
OYEL 251 FNSMSGGALTEIVAGYAVVAGEL EKRAKAGKRLARVILVEPRVINPELTE 300
NCR 270 - ————-- GKTDQPKLSPEIRKVFKPPLVLNQDYTFETAQAALDSGVAD-- 310
OYEL 301 GEGEYEGGSND-—————FNSriKGPVE - RAGNIALIPEVWREEVKDKR 342
NCR 311 -AISFGRPFIGNPDLPRRFFEKAPLTKDVIETWYTQTPKGYTDYPLLGD- 358
OYEL 343 TLEYGVOREELSNDLVDRLEKGLPLNKYDROTEVOMGAIGYIDVITVERA 302
NCR 359 ———————-

OYE1l 393 LKLGWDKK 400

Figure Ap. 1: Sequence alignment of NCR and OYE1l ERED. NCR active site residues and their
OYEZ1 sequential analogues subjected to site-directed mutagenesis are highlighted bold red. The genes
share a sequence identity of 29.4 % and a sequence similarity of 46.3 %. The pairwise sequence
alignment was generated by the EMBOSS needle algorithm as provided online
(‘httgfs:/é\l/\slww.ebi.ac.uk/TOOIS/psa/embOSS_needIe/’) by the European Bioinformatics Institute EMBL-
EBI.“"
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Figure Ap. 2: Exemplary developed SDS-PAGE gel of purified NCR EREDs. After Poly-Hisg tag-

based affinity chromatography, NCR EREDs were obtained with a purity of at least > 90 % as indicated
by the bands at 40 kDa.
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Figure Ap. 3: Gas chromatogram displaying peak positions and retention times for 1-octanol (9.13 min),
citronellal (11.37 min), Z-citral (13.39 min) and E-citral (13.76 min) for achiral measurements on HP-1

column using an FID detector. The related method is described in chapter 2.6.1. Smaller peaks in the
background are impurities from the citral samples.
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Figure Ap. 4: Gas chromatogram displaying peak positions and retention times for 1-octanol
(14.70 min), S-citronellal (22.45 min), R-citronellal (23.03 min), Z-citral (27.31 min) and E-citral
(27.74 min) for chiral measurements on B-Dex column using an FID detector. The related method is

described in chapter 2.6.1. For reasons of clarity, chromatogram was zoomed accordingly, which causes
the citral peaks to be partly cut.
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Figure Ap. 5: Gas chromatogram displaying peak positions and retention times for isopulegol
(13.48 min), citronellal (13.60 min), neo isopulegol (13.73 min), neo menthol (13.86 min), iso isopulegol
(14.04 min), menthol (14.08 min), iso menthol (14.44 min), Z-citral (15.66 min), E-citral (16.26 min) and
1-decanol (16.38 min) for achiral measurements on ZB-5 column using an FID/MS detector. The related
method is described in chapter 2.6.1. The overlaid extracted standards are indicated by color, namely
isopulegol in magenta, citronellal in green, menthol in black and citral in blue. The mode of zooming
does not show neoiso isopulegol (14.24 min) and neoiso menthol (14.30 min) because except for
standards these diastereomers where not formed in any reaction analyzed in this thesis. Menthol and
iso isopulegol peak overlap was uncritical as chosen enzyme variant for menthol cascade did not form
iso isopulegol.
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Figure Ap. 6: Evaporation rate comparison of citral and citronellal in an open system. In triplicates,
the weight loss of 10 pL citral or citronellal soaked on a filter paper at 25 °C in an open system was
followed for 10 min. By linear regression, evaporation rates were calculated. They are shown as the slope
of the linear regression. For citral 0.0191 + 0.0016 mg/min and for citronellal 0.072 £ 0.005 mg/min was
calculated. The method was adopted as described elsewhere.?*°
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After 15 h reaction:

plastic glass
tube vial
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Figure Ap. 7: Comparison of NCR ERED-catalyzed reduction of citral in 2 mL plastic tubes and
5 mL glass vial after 15 h. 1 mL reactions using 10 pg/mL NCR wild-type and 2 mL E/Z-citral were
performed in triplicates as described in chapter 2.4.1. The residual citronellal concentration in the liquid
was determined. The four-fold gas volume increase correlates to a four-fold citronellal decrease in the
liquid.
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Figure Ap. 8: Calculated reaction pathways for two different assumed mechanisms for the NCR
ERED-catalyzed reduction of citral. a) Result for the ‘classical’ mechanism derived from literature®* "’
involving hydride transfer from an FMNH™ species and concurrent protonation from Y177. The
calculated mechanism is endergonic (Ereaction = 21.9 kcal/mol) and the activation barrier of the hydride
transfer is E,= 38.5 kcal/mol. b) Result for a postulated alternative mechanism. The hydride transfer is
similar but the protonation mechanism differs involving a protonated H172 and a catalytically active
water molecule as described in chapter 3.1.1 & 4.1.1. The reaction is exergonic (Eeaction = -3.4 kcal/mol)
and the activation barrier of the hydride transfer is E;=30.1 kcal/mol. The semi-empiric PM7 method
implemented in MOPAC was used for calculation.
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Figure Ap. 9: Evaluation of NCR ERED gene expression in 96-DWPs and comparison of plate
duplicates by means of SDS-PAGE. The samples are derived from a site-saturation mutagenesis at
position 231 using a degenerate NNK codon on the template NCR W66A. The denotations at individual
bands correspond to the selected positions. Each plate consists of A to H rows and 1 to 12 lines. The
plates were duplicates that were inoculated from a similar “preculture 96-DWP” and for SDS-PAGE
samples from correspondent wells were taken. Denotations Z and E refer to the use of the duplicate plates
for reduction screening of one of the two citral isomers. The chosen marker M indicates gene expression
of a 40 kDa protein, which coincides with the protein weight of NCR ERED. The expression levels of
both duplicates are similar. All well positions qualitatively display similar levels of gene expression.
Position F6 contained an expressed gene with decreased weight due to the insertion of a stop codon.

Applicability of glycerol stocks

While setting up experiments to characterize obtained NCR hits, another noteworthy
observation was made regarding the applicability of glycerol stocks for whole cell
reactions (Figure Ap. 10). It proved to be necessary to freshly transform cells with
respective ERED genes rather than inoculating media with a glycerol stock when
intending to perform whole cell reactions. For whole cell reactions, product formation
decreased about 10-fold when using glycerol stocks. However, purified EREDs from

both cellular sources had essentially the same catalytic efficiencies.
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Figure Ap. 10: Comparison of whole cell (wc) reactions and reactions with purified enzymes (pur.)
with enzymes derived from glycerol stock inoculated cells (gly. stock) or from inoculation with
freshly transformed cells (fr. transf.). The data refers to the reduction of either E-citral (above) or
Z-citral (below) by NCR ERED-derived triple variants Arg (W66A/I231R/F269V) and Pro
(W66A/1231P/F269V). E. coli TG20+ whole cells were applied. All reactions were performed as reaction
triplicates of biological duplicates for 4 h at 30 °C and 180 rpm according to chapters 2.4.1 and 2.4.2. The
obtained relative activity (rel. act.) values refer to the relative product formation in comparison to the
reduction of Z-citral by purified wild-type NCR ERED (derived from freshly transformed cells).
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Figure Ap. 11: Control experiments with E-citral under reaction conditions. The whole cell and
purified enzyme reactions using the NCR Arg variant (W66A/1231R/F269V) are compared to buffer
control and cell control reactions with regard to the substrate citral. All samples were shaken for 4 h at
30 °C and 180 rpm. Buffer control refers to 12 mM citrate buffer pH 6 with 2 mM E-citral, 1 % (v/v)
DMSO and 2.5 mM NADH added. Cell control refers to 5 g/L empty vector containing E. coli TG20+
cells resuspended in 50 mM MES/KOH pH 6.8 with 2 mM E-citral, 5 % (v/v) isopropanol and 2.5 mM
NADH added. Controls did not contain ERED. a) Obtained percental normalized citral isomer amount
highlights shifts in the proportion of E to Z. b) Overlay of control chromatograms focusing on Z-citral and

E-citral peaks.
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Figure Ap. 12: Temperature-dependent normalized proportion of citral isomers in the reduction of
citral by NCR triple variants Arg (W66A/1231R/F269V) as whole cell or purified preparation at
20 °C, 30°C and 40 °C. E.coli TG20+ whole cells were applied. All reactions were performed as
reaction triplicates of biological duplicates for 4 h and 180 rpm according to chapters 2.4.1 and 2.4.2.
Here, the obtained percental normalized citral isomer amount is shown to highlight shifts in the
proportion of E to Z. a) Results for using E-citral in the reduction reactions. b) Results for using Z-citral in
the reduction reaction.
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Figure Ap. 13: Gas chromatogram displaying peak positions and retention times for citronellal
(59.58 min), (+)-isopulegol (65.29 min) and (-)-isopulegol (66.18 min) for chiral measurements on
HP-chiral-20B column using an FID detector. The related method is described in chapter 2.6.1. The
method was solely used to determine cyclase enantioselectivity. While enantioselective separation of
isopulegol could be achieved, citronellal chirality remained unresolved under chosen conditions.
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Figure Ap. 14: Test of AacSHC variant A419G/Y420C/G600A specificity in the citronellal
cyclization. Conversions of S-citronellal (blue baseline) and R-citronellal (red) with the AacSHC variant
were analyzed on a chiral HP-chiral-20B column. The possible isopulegol product was probed by
comparison with standards for (+)-isopulegol (purple; 65.29 min) and (-)-isopulegol (green; 66.18 min).
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Figure Ap. 15: Chromatogram of isopulegol hydrogenation after 44 h as part of the preparative
(-)-menthol synthesis. The hydrogenation reaction was performed as described in chapter 2.5. At the
presented time point, a 250 pL sample were taken from the same reaction via a septum and extracted
(chapter 2.4.6).
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a) "H-NMR spectrum of isolated (-)-menthol in this work
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Figure Ap. 16: 'H-NMR spectrum of (-)-menthol. a) Measured 500 MHz spectrum of (-)-menthol
synthesized in this work. The protons are assigned accordingly. b) Reference spectrum from literature that
was used to assign NMR peaks to protons.'>*
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Figure Ap. 17: *C-NMR spectrum of (-)-menthol. Measured 126 MHz spectrum of (-)-menthol
synthesized in this work. The peaks are assigned accordingly.
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Figure Ap. 18: IR spectrum of isolated (-)-menthol as obtained from the chemoenzymatic cascade
in this work.
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Figure Ap. 19: Quantification of isolated (-)-menthol by *H-NMR. Integration of the characteristic
alkene shifts in (-)-isopulegol with the (-)-menthol proton signal adjacent to its hydroxyl group was used
to quantify the purity of the isolated (-)- menthol.
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Figure Ap. 20: 'H-NMR spectrum of 3,7-dimethyloctanol. Measured 500 MHz spectrum of
3,7-dimethyloctanol synthesized as byproduct in this work. The protons are assigned accordingly.
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Figure Ap. 21: “C-NMR spectrum of 3,7-dimethyloctanol. Measured 126 MHz spectrum of
3,7-dimethyloctanol synthesized as byproduct in this work. The peaks are assigned accordingly.
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Figure Ap. 22: Citronellal decay from buffer solution in a closed vessel after complete reduction of
E/Z-citral by NCR wild-type. The curve can for example be well fitted by logarithmic decay. Analytical
reactions as described in chapter 2.4.1 were performed as triplicates for each displayed time point. The
calculated concentrations ¢ [mM] of citronellal are plotted against the time t [min].
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Figure Ap. 23: Exemplary developed SDS-PAGE gel of AacSHC samples after heat-shock and ion
exchange chromatography purification with protein marker M. In this example, the enrichment of
AacSHC variant A419G/Y420C/G600A at ~70 kDa in different consecutive 2 mL elution (Elu) fractions
was visualized. It can be seen that the protein is enriched significantly, but still contains some residual
protein impurities. The protein purity is estimated to be > 80 %.
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Table Ap. 1: Screening results of Zymomonas mobilis NCR ERED active site single variants
towards the reduction of either E-citral or Z-citral. Obtained enantiomeric excess e.e. and relative
activity rel. act. values are depicted with respective standard deviation. All activities are calculated
relative to the citronellal product formation resulted from the conversion of Z-citral by NCR wild-type.
Purified enzymes were applied (chapter 2.4.1).

. Z-citral E-citral
NCR variant e.e. [%] rel. act. [%0] e.e. [%] rel. act. [%0]
wild-type >99S 100+ 4 >99S 86+4
T25A 985+0.35 16.71+0.02 95425 9+1
T25F >99S 26+0.1 18465 24+01
A56G >99S 56+ 1 92+18S 30+5
A56F nd.” nd.” nd.” nd.”
W66A 90.1+045 9% +4 456+0.2R 92+1
W66F 98.9+0.25 104 + 6 90.1+045S 98+1
W100A >99S 37+4 >99S 111
W100F 99.3+0.2S 93.423 +0.003 98.9+0.15 57.79 £ 0.03
H128A >99S 101+1 >995 88+9
H128F >99S 99+3 >995 86+7
H172A 99.1+0.25 80.69 + 0.07 98.9+025 34.747 +0.003
H172F >99S 14+1 86+1S 8+1
N175A >99S 47+03 >99S 4002
N175F >99S 102 >99S 5+1
Y177A 91£15S 5442 82425 53+ 2
Y177W 89.3+0.35 7442 9354025 77+1
1231A >99S 82+3 >99S 80+2
1231F >99S 11.7+05 52+2S 79+0.2
Q232A >99S 87+3 >99S 59+1
Q232F >99S 88 + 4 9244035 65+3
R261A >99S 816 >99S 45+1
R261F >99S 29+1 >99S 181
F269A >99S 80+2 >998 58 +1
F269W >99S 87+5 >99S 6242
W342A >99S 845+04 >998 61+4
W342F >99S 54+5 >99S 49+7
Y343A >99S 77+5 >998 46+1
Y343W nd.” nd.” nd.” nd.”

*n.d.: not determined.
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Table Ap. 2: Screening results of Zymomonas mobilis NCR ERED active site double variants based
on the WG66A single variant towards the reduction of either E-citral or Z-citral. Obtained
enantiomeric excess e.e. and relative activity rel. act. values are depicted with respective standard
deviation. All activities are calculated relative to the citronellal product formation resulted from the
conversion of Z-citral by NCR wild-type. Purified enzymes were applied (chapter 2.4.1).

Z-citral E-citral
NCR variant e.e. [%0] rel. act. [%] e.e. [%0] rel. act. [%0]
wild-type >995 100+ 3 >99S 86+4
W66A/T25A 94.1+045 30+2 7+1R 132
W66A/T25F 9%+15 195+03 4+18 15+1
W66A/A56G 90+0.15S 54+1 43+1R 46+4
W66A/A56F >99S 1.2+0.2 >99S 05+0.1
W66A/W100A 97£15$ 13.21+0.01 67.4+028S 3.72+0.02
W66A/W100F 933+045S 124 +2 335+0.3R 123.8+0.2
W6E6A/H128A 91+1S 99+3 35+1R 80 + 4
W66A/H128F 86.3+0.1S 101+1 48.97 +0.04R 89+6
W6EB6A/H172A 95.8+0.1S 13+1 18+1R 6.7+05
W66A/H172F >99S 02401 29+2R 0.22+0.03
W6E6A/N175A 88+2S 1.0+0.1 63+1R 1.6+0.1
W66A/N175F >99S 1.2+0.1 60+3S 0.6+0.1
WGEBA/Y177A nd. nd. nd.” nd.”
W66A/Y177TW 444253 61+3 30+1R 39+1
W66A/1231A 81.3+058S 66 +3 63+1R 66 +2
W66A/1231F 92425 81+4 37+1R 7342
W66A/Q232F 86.6+0.5S 86+2 434+02R 73+3
W6E6A/R261A 934+045S 32+4 15+4R 24+3
W66A/R261F 9%6+1S 102 30+1R 5+1
W6E6A/F269A 822+058S 78+1 56.0+0.1R 71+1
W66A/F269W 86.0+0.2S 82+2 453+0.3R 713403
W6E6A/W342A 88+1S 8342 41+1R 67+2
W66A/W342F 86.8+0.2S 87+1 388+0.1R 73+1
W6E6A/Y343A 98.6+0.1S 42+3 14445 27+5
W6E6A/Y343W nd.” nd.” nd.” nd.”

*n.d.: not determined.
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Table Ap. 3: Screening results of Zymomonas mobilis NCR ERED W66A site-saturation variants
towards the reduction of either E-citral or Z-citral. Obtained enantiomeric excess e.e. and relative
activity rel. act. values are depicted with respective standard deviation. All activities are calculated
relative to the citronellal product formation resulted from the conversion of Z-citral by NCR wild-type.
Purified enzymes were applied (chapter 2.4.1).

Z-citral E-citral
NCR variant e.e. [%0] rel. act. [%] e.e. [%0] rel. act. [%0]

wild type >99S 1003 >995 86 +4
W66Y 99.2+0.1S 107.8+ 0.4 95.07 £0.03 S 1013
W66F 98.9+0.2S 104+6 90.1£045S 98+1
W66R >99S 65+1 98.48+0.05S 46.0£0.5
W66M 99.38 +0.03 S 112+3 93.0£0.15 892
WB6K >99S 25.0+0.3 99.0+058S 191
W66H 99.78 £0.05 S 100+1 82.37£0.04S 801
We66L 98.96 £0.04 S 107+1 85.1£0.1S 741
W66l 99.2+0.1S 105+ 1 685+0.1S 75+9
W66Q 98.85+0.01S 108 +2 86.45+0.01S 872
W66E >995S 1022 943£0.15 741
W66V 98.97 £0.09 S 943 36.7£03S 62+2
WE6N 99.06 £0.04 S 112+1 86.97 £0.03 S 86 +3
W66P >995S 2.47+0.08 83£25S 1.09 +0.01
W66T 95.39 +0.07 S 9% £5 184+0.1S 89+ 1
W66D >998 90 £ 10 936+025 611
W66C 95.48£0.1S 1102 42+3S 812
W66S 95.61£0.2S 108 +2 37.4+045S 86 +2
W66A 90.1£0.45S 94 +4 456+0.2R 92+1
W66G 87.5+0.25 1123 41.0+0.2R 92+2

Table Ap. 4: Comparison of Z-citral and E-citral conversions by purified NCR and OYE1l
wild-types. Reactions were performed for 2.5 h under conditions described in chapter 2.4.1. However, no
standard was added to the extraction solvent and the product formations were determined by percental
comparison of educt and product peak area. For comparison, NCR and OYEZ1 conversions in whole cell
reactions are depicted in Figure 38.

product formation [%6]
Z-citral E-citral

NCRWT 97.4+0.3 94 +4

OYE1WT 0.76 £ 0.02 2608
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Table Ap. 5: Screening results of iterative site-saturation libraries for the NCR ERED-catalyzed
reduction of E- and Z-citral. Enantiomeric excess e.e. and relative activity rel. act. values of selected hit
variants are presented. Relative activity values were calculated by comparison to the highest obtained
citronellal peak area within one screening (including both citral isomers). Occurrence frequency of amino
acids and number of inactive variants in one screen is stated. Where possible, standard deviations were
calculated.

occurrence NCR Z-citral E-citral
frequency variant e.e. [%] rel. act. [%] e.e. [%0] rel. act. [%0]
W66A/1231X inactive: 18
6x 1231P 27+6R 36+15 89.5+21R 46+ 6
3x 1231R 39+4S 50+3 80+4R 57+13
2x 1231W 2+5R 8325 90+3R 3712
2x 1231Y 25+48S 43+4 81.8+04R 613+21
1x 1231K 348 26 65R 29
1x 1231D 33S 47 80R 67
1x 1231H 47S 78 80R 50
1x 1231L 99§ 29 95 S 32
W66A/Y177X inactive: 34
3x Y177A 14+11R 45+0.6 704+06R 8720
3x Y177T 15+12R 6+4 80+5R 8.4+3.0
2x Y177N 0+£9R/S 56+29 66.5+1.6R 72+28
2x Y177H 36%58S 15+8 709+0.7R 32+4
2x Y177D 21+20R 14+14 75+8R 3412
1x Y177M 58 S 5 53R 21
1x Y177C 18R 7 70R 9
WG66A/F269X inactive 2
2x F269S 744+048S 75+13 60.10+0.20R 40+6
2x F269C 68+10S 63 +23 60.3+0.7R 39+4
2x F269L 71.20£0.12S 57+10 61.6+04R 71+5
1x F269K 74S 70 60 R 59
1x F269V 718 54 63 R 76.8
1x F269G 54§ 71 50R 68
W66A/1231P/F269X inactive: 28
2X F269V 720+ 15R 32+4 95.6+0.6R 43+8
1x F269H 71R 14 96 R 46
1x F269Q 72R 40 94 R 40
1x F269P 74R 20 92R 43
1x F269Y 73R 33 95R 40
W66A/1231P/Y177X inactive: 129
1x Y177R 75R 3 91R 5
1x Y177K 53R 17 94 R 40
1x Y177F 51R 13 91R 17
W66A/F269V/1231X inactive: 15
4x 1231R 64 +8R 28+3 929+06R 45+13
5x 1231P 63+3R 15+5 92.7+09R 245+20
W66A/F269V/1231P/Y177X inactive: 91
1x Y177D 55R 38 96 R 56
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Table Ap. 6: List of the 20 canonical proteinogenic amino acids with respective 3-letter and 1-letter
code abbreviations.

amino acid 3-letter code  1-letter code | amino acid 3-letter code  1-letter code
alanine Ala A leucine Leu L
arginine Arg R lysine Lys K
asparagine Asn N methionine Met M
aspartic acid Asp D phenylalanine Phe F
cysteine Cys C proline Pro P
glutamine Gin Q serine Ser S
glutamic acid Glu E threonine Thr T
glycine Gly G tryptophan Trp w
histidine His H tyrosine Tyr Y
isoleucine lle | valine Val \%




